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Lack of dimensional stability and susceptibility to the action of xylophagous organisms
make wood a challenging material to work with. E-Caprolactam is a water-soluble cyclic amide
chemical with low mammalian toxicity, that can be used as a bulking agent to improve the
dimensional stability of wood and offers protection against subterranean termites and several
wood degradant fungi. E-Caprolactam delivers a similar level of dimensional stability as that
provided by PEG-1000, a chemical extensively studied in the past decades and a standard
dimensional stabilizer agent for wood. Regarding wood protection, E-Caprolactam exhibits
efficacy against wood decay fungi and termites at very low levels compared to PEG-1000. If
water leaching can be inhibited for this product, e-Caprolactam can be considered as a strong
candidate for the wood decking industry. In addition to the evaluation of E-Caprolactam for
wood dimensional stabilization and preservation this dissertation covers the development of an
apparatus developed to automate wood sorption and desorption studies, and their influence in the
wood dimensional behavior. Product design techniques and prototyping studies were conducted,
and calibration procedures were made. This apparatus is still in development, but it shows

potential for increasing the accuracy of shrinking and swelling measurements and efficiency for
dimensional stabilization studies.
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CHAPTER I
Ε-CAPROLACTAM: AN AGENT FOR WOOD DIMENSIONAL STABILIZATION
AND PROTECTION AGAINST BIODEGRADATION
1.1

Introduction
A seminar was held in 1959 at the Forest Products Laboratory, Madison, WI, on

dimensional stabilization of cellulosic materials, and Rowell and Youngs (1981) mention the
proposed six recommendations for future research to make wood products more dimensionally
stable. All of them are notable, but two are most relevant to the present work: “The proper use of
wood will minimize the limitations caused by lack of stability” and “bulking and crosslinking
appear to be the only chemical means of wood stabilization, so newly developed chemicals
should be screened”. These recommendations emphasize two important aspects of wood:
dimensional instability limits the use of wood in many applications, and the importance of the
bulking processes to improve wood dimensional stability. Stamm (1959) conducted several
studies on the bulking process using polyethylene glycol, and this chemical is still being
evaluated even though it does not provide protection against wood decay in lower
concentrations.
Wood moisture relationships have a significant impact on both the mechanical and
weathering properties of wood and susceptibility to biodeterioration. Wood is hygroscopic due
to the abundance of cellulose and hemicellulose hydroxyl groups which results in different
moisture contents, dimensions, strength, etc. based on a particular environment. The effect of
1

wood/moisture relationships to various wood treatments are generally studied by individual
measurements of water sorption and dimensional changes (Sargent, 2019). These methods are
time-consuming and relatively inefficient. Consequently, new methods of evaluating wood
moisture relationships are needed.
Currently, there is a need to develop new bulking agents that reduce the moisture-caused
shrinkage and swelling of wood. Some preliminary unpublished studies suggest that εcaprolactam may be a good candidate for bulking wood and enhance wood properties. Εcaprolactam is an odorless, water-soluble organic compound with the chemical formula
C6H11NO and is classified as a lactam (cyclic amide) of caproic acid. It exhibits low mammalian
toxicity and has a melting point of 69 °C. The major use of this low-cost compound is a
feedstock for the manufacture of the polymer Nylon 6.
1.2

Objectives
The main objectives of this study were to evaluate the use of ε-caprolactam as a bulking

agent for wood and study the enhancement of wood properties imparted by ε-caprolactam
treatment.
Specific objectives were to:
A.

Evaluate the efficacy of the ε-caprolactam treated wood against brown and white

rot fungi in a preliminary soil block decay test using the AWPA E22 Standard to establish toxic
threshold values for the following brown (i) and white fungi (ii):
i.

Gloeophyllum trabeum, Rhodonia placenta, and Fibroporia radiculosa.

ii.

Trametes versicolor, Irpex lacteus.

B.

Evaluate the efficacy of ε-caprolactam treated wood against Reticulitermes

species subterranean termites using AWPA E1 Standard.
2

C.

Evaluate the water vapor sorption characteristics of ε-caprolactam treated wood to

determine treatment levels required to stabilize the swelling and shrinking properties. These
studies were carried out with the apparatus developed in Phase I of this research. Volumetric
swelling coefficients were determined for different ε-caprolactam treatment levels.
D.

Evaluate methods to reduce ε-caprolactam leaching from treated wood. Possible

approaches are the use of self-crosslinking polymers, furfurylation and water repellent systems.
E.

Evaluate the weathering characteristics of wood treated with ε-caprolactam to

achieve different levels of dimensional stabilization. These experiments will require the
development of a rapid method for evaluating the checking and splitting of wood subjected to
wetting and drying cycles.
1.3
1.3.1

Background
Wood/water relationships
Wood is a hygroscopic material that will interact with the water molecules present in the

environment. The amount of water within the wood is represented by the term moisture content
(MC) (Reeb, 2009). Considering the relative humidity and the temperature of the environment, it
is possible to estimate the equilibrium moisture content (EMC) of wood if the wood is exposed
for sufficient time to reach equilibrium. EMC can be monitored by weighing the piece until it
reaches a constant weight. There are several methods available to evaluate the moisture content
(MC) (Simpson & TenWolde, 1999; Reeb, 2009), but the most universally acknowledged
procedure is the oven-dry method (Skaar, 1972; Simpson W. T., 1991; Reeb, 2009). Controlling
the MC of a wood piece is important because it has a significant influence on wood properties
(Glass & Zelinka, 2010).

3

There are three different locations that water can exist within wood, and two different
states that the water can be present. Free water is the term related to water present in the
cavities/lumen of the cells, and bound water is the term related to the water present within the
cell walls and the intercellular space (Stamm A. J., 1929; Smith, 1986; Glass & Zelinka, 2010).
Free water is water that is present in a liquid or vapor form and results from wood exposed to
liquid water, while bound water is chemically attached to the cell wall components through
intermolecular attraction of the water molecule. In the green or freshly harvested state, wood
holds both free and bound water. When only bound water is present the highest possible MC is
called the fiber saturation point (FSP) and it is defined as the MC where the wood shows
dimensional stability and constant mechanical properties even with subsequent MC increases
(Tiemann, 1906; Glass & Zelinka, 2010).
For values below FSP, wood will show a reduction in its dimensions as moisture is
removed (Simpson W. T., 1991; Reeb, 2009). This phenomenon is the result of the loss of water
molecules that are attached to the cellulose fibers. During drying, or loss of bound water, the
cellulose microfibrils come closer together so the wood shrinks while wetting the wood results in
swelling (Tiemann, 1906; Stamm A. J., 1929; Smith, 1986; Glass & Zelinka, 2010). The loss or
gain of bound water in lumber may lead to performance problems. The dimensional changes as
wood shrinks and swells varies for different wood species, however, they follow a general
pattern related to the MC. Higher shrinking and swelling occurs in the tangential direction of
wood, with radial shrinkage and swelling being about half that of the tangential, and minimal
dimensional change occurs in the longitudinal direction in natural wood (Simpson W. T., 1991;
Reeb, 2009; Glass & Zelinka, 2010).

4

1.3.2

Wood dimensional stabilization
For some applications wood dimensional stability may be important. Several techniques

can be used to stabilize wood: thermal treatments, coatings, bulking, cross-linking, crosslaminated panels, etc. (Rowell & Youngs, 1981; Kocaefe, Huang, & Kocaefe, 2015). For this
study, the cell wall bulking method is of interest. Polyethylene glycol (PEG) is a water-soluble
polyether that has been extensively studied by Stamm (Stamm A. J., 1959) and others (Merz &
Cooper, 1968; Schneider, 1969) to determine its performance for dimensionally stabilizing
wood. PEG is a hydrophilic and non-reactive bulking agent that diffuses into the wood fibers,
keeping them in the swollen state (Stamm & Baechler, 1960; Meints, Hansmann, & GindlAltmutter, 2018).
1.3.3

Relative Humidity control methods
As mentioned previously, the equilibrium moisture content (EMC) in wood is correlated

to temperature and relative humidity (RH) of the surrounding environment. RH can be defined as
the ratio or percentage of the mass of water vapor in comparison to the maximum achievable
mass in an air sample, and methods to control RH can be active or passive (Gaffney & Dalton,
2018). Several methods can be used to control the RH, such as saturated salt solutions, dynamic
vapor sorption apparatuses, etc., which can modify the EMC of wood samples.
Saturated salt solutions (SSS) were extensively used over the last decades to control RH
and EMC in wood samples (Stamm & Karl Loughborough, 1935; Schniewind, 1956; Simpson
W. T., 1971; Cloutier & Fortin, 1991; Hoffmeyer, Engelund, & Thygesen, 2011). With this
method, a wide range of RH can be attained due to the fixed vapor pressure that can be
established at a given temperature. This method can be applied statically, when the solution is
simply placed adjacent to the samples, or dynamically, when the solution and the samples are
5

exposed to mechanically agitated air (Rockland, 1960). Zelinka et al. (2020) reviewed the
literature on this method and explained that to evaluate the samples they generally are
consecutively removed from controlled environment, followed by manually measuring the
samples’ weights but in some cases the weights have been measured in situ. At the end of the
experiments, samples have their dry weights recorded after a drying procedure, such as ovendrying or with desiccants. The main disadvantages of this method are the necessity of using
different salts for each desired RH (at constant temperature) and the intense vigilance over the
salt due to its occasional salt desaturation as a result of excessive solution water sorption.
Furthermore, no literature was found reporting any salt solutions capable of generating 100%
RH.
Dynamic vapor sorption (DVS) apparatuses can be described as automatic humidity
generation instruments that dynamically determine sorption isotherms on a continuous basis
(Argyropoulos, Alex, Kohler, & Müller, 2012), or as an accurate instrument to study sorption
kinetics and isotherm data at selected temperatures (Hill, Norton, & Newman, 2010). Hill et al.
explained that a typical use of this instrument starts at 0% RH and goes up to 95% and then back
down to 0%, in steps of 5%. The instrument maintains a constant RH in each step while
constantly evaluating the weight of a sample, and only changes to the next step when the sample
exhibits no more than 0.002% of moisture content change in a 10-min period. Zelinka et al.
(2020) mentions typical sample weights of 10-20 mg, and another paper attests that extended
times (24-50 h) can change final moisture content for wood specimens. Another paper suggests
that the “hold time” criteria should take into account situations where the moisture content varies
steadily over time and does not rapidly converge to an equilibrium value (Glass, Boardman, &
Zelinka, 2017). This procedure can be very precise when compared to the SSS method, however,
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it has some flaws. While SSS can be used to equilibrate virtually any number of samples and
sample sizes, DVS has weight and size limitations due to the precision of the microbalance, and
chamber size. DVS also can only test one sample per run. DVS, and SSS as mentioned before,
have the limitation of not reaching 100% RH.
1.3.4

Wood biodeterioration and preservative treatments

Given proper conditions, such as favorable temperature, adequate supply of water, and oxygen,
wood can be attacked by several wood-degrading organisms. The most common wood
deterioration bioagents are fungi, insects, bacteria, and marine borers. There are several methods
and techniques that can be used to protect wood and avoid biodegradation, such as the usage of
preservative chemicals (Nicholas, 1973; Clausen, 2010). Preservatives must provide protection
in their end use and must not present risks to the environment or people (Lebow, 2010). Cai et al.
mentioned that most water-borne preservatives available in the market are potentially hazardous.
They also suggest that the rising demand for eco-friendly preservatives is enhanced because the
disposal of chemically treated wood can be problematic (Cai, Lim, Nicholas, & Kim, 2020). It is
noteworthy to mention once more that the studies conducted by Stamm and Baechler (1960)
concerning the evaluation of dimensional stability changes imparted by PEG-1000 also found
that this chemical can suppress decay when present in high concentrations within the wood.
1.4
1.4.1

Preliminary Studies
Agar plate test
This study evaluated the toxicity of ε-caprolactam to Gloeophyllum trabeum, Fibroporia

radiculosa and Trametes versicolor fungi using treating solution concentration levels between 0
to 8% w/v. At 2% w/v none of the fungi listed showed any growth. Therefore ε-Caprolactam
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exhibits toxicity to these fungi, but the mechanism of the toxicity is yet unknown. The results of
the agar plate test are shown in Table 1.1.
Table 1.1

ε-Caprolactam agar plate test results

Fungus

0%
(control)

1%

1.50%

Gloeophyllum
trabeum

5.8cm

1.6cm

0.18cm

0

0

0

0

0

0

4.7cm

0.31cm

0.05cm

0

0

0

0

0

0

7.9cm

0.34cm

0

0

0

0

0

0

0

Fibroporia
radiculosa
Rhodonia
placenta

1.4.2

2% 2.50%

2.75% 3% 5% 8%

Soil block test
A preliminary soil block test with several wood decay fungi was conducted for ε-

caprolactam. The results of this test using AWPA Standard E22 were as follows:

Table 1.2

Approximate toxic threshold for ε-caprolactam against five wood decay fungi.
Fungus

Gloeophyllum trabeum
Fibroporia radiculosa
Rhodonia placenta
Irpex Lacteus
Trametes versicolor

Approximate Toxic Threshold
(% Treating Solution Conc.)
1.0 – 2.0
4.0
4.0
4.0
3.0

Based on the above preliminary tests, it appears that the treatment of wood with εcaprolactam to provide dimensional stability by bulking the wood cell wall also provide some
decay resistance against common wood decay fungi.
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1.4.3

Ε-caprolactam-treated wood samples shrink/swell studies with comparison to
PEG-1000
For this test, a method for providing constant relative humidity was necessary for several

moisture content levels. One possibility to achieve stable relative humidity (RH) levels is to use a
series of saturated inorganic salt solutions that provide varying equilibrium RH. A previous study
listed various salts that provide specific relative humidity levels when used as saturated solutions
(Beall, 1972). Table 1.3 lists several inorganic salts and their respective RH values and wood
EMC’s. In addition to these salts, SiO2 was included to provide very low RH and subsequent
EMC.
Table 1.3

List of chemicals for controlling RH and EMC

Chemical
RH @ 22°C (%)
Wood EMC (%)
BaCl2
90.5
21
KBr
81
16
KI
69
13
NaBr
57.5
10.5
NaI
38.5
7.3
SiO2
20
3
Source: Beall, 1972. RH Values from SiO2 are given by the manufacturer, EMC was calculated.
A sealed chamber with an enclosed fan and a Fischer Scientific R humidity and
temperature recorder, and some of the saline solutions listed in the table above (one at a time),
was constructed. This chamber was tested to determine the environmental conditions that could
be achieved. The saline solutions from BaCl2, KI, NaI, and a container with SiO2 particles
provided moisture levels that were recorded. After testing the chamber and the RH provided by
the saline solutions, PEG-1000 and Ε-caprolactam pine treated wood specimens measuring 25 ×
25 × 10 mm (R × T × L), two wood samples per concentration level, each from different boards,
were placed inside the chamber and their sorption behavior was tracked using a balance to
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monitor weight changes. The treatment solution concentration levels used for PEG and Εcaprolactam were from 0% to 20% w/v with 11 steps of 2% each, as shown in Table 1.4.
Table 1.4

Concentrations for both PEG-1000 and ε-Caprolactam treatments
Chemical Concentration
(% w/v)
0
2
4
6
8
10
12
14
16
18
20

Treatment #
1
2
3
4
5
6
7
8
9
10
11

The wood samples were treated by a vacuum/soak method using a 15-minute vacuum at
28 inches Hg followed by a 30-minute soak, then air dried before exposure to the controlled
environment. Table 1.5 shows the retention levels per treatment for each chemical.
Table 1.5

Retention levels for each PEG-1000 and ε-Caprolactam treatments
Treatment #
1
2
3
4
5
6
7
8
9
10
11

Retention PEG-1000
(kg/m3)
0.0
13.5
27.0
40.5
55.7
68.4
83.1
93.3
110.8
120.2
136.3
10

Retention ε-Caprolactam
(kg/m3)
0.0
13.3
27.7
38.8
54.2
70.8
82.4
97.9
104.6
116.0
137.1

After achieving equilibrium conditions, their volumetric dimensions were measured using
a micrometer, but instead of following the normal approach for green versus oven-dried wood,
this experiment was carried comparing EMCs of ~21% and ~3% to avoid the exposure of the
samples to high oven-drying temperatures. For each treatment, the samples’ dimensions were
measured, and the volumetric comparison was performed. The results are shown in Tables 1.6
and 1.7 and Figures 1.1 and 1.2.

Table 1.6

Mean comparative volumetric shrinkage of samples treated with a series of treating
solutions as the EMC was reduced from 21% to 3%

Concentration
PEG-1000
ε-Caprolactam

Figure 1.1

Volumetric shrinkage per treatment # (%)
1
2
3
4
5
6
7
8
9
10
6.77 6.15 6.74 5.65 5.84 5.79 5.46 4.39 3.78 3.21
6.48 6.53 6.27 6.24 6.25 5.67 3.63 4.87 5.08 4.83

11
3.11
4.87

Plot of volumetric shrinkage for PEG-1000 versus Caprolactam treated wood
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Table 1.7

Mean comparative volumetric swelling of samples treated with a series of treating
solutions as the EMC increased from 3% to 21%

Concentration
PEG-1000
ε-Caprolactam

Figure 1.2

1
10.44
10.30

Percent volumetric swelling for each treatment
2
3
4
5
6
7
8
9
10
9.63 8.52 7.13 6.05 6.28 5.25 4.52 3.42 3.06
9.43 8.73 7.17 7.89 6.62 6.02 5.07 4.58 4.61

11
2.90
4.61

Plot of volumetric swelling for PEG-1000 versus Ε-caprolactam treated wood

The volumetric swelling data in Tables 1.6 and 1.7 indicates that Ε-caprolactam provides
considerable dimensional stability to wood but is somewhat less effective than PEG.
1.5

Efficacy against biodegradation agent studies
In order for a chemical to be considered as a wood preservative, it must protect wood

from fungi and termites. Hence a series of tests were conducted to evaluate the efficacy of εcaprolactam against several wood decay fungi and termites.
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1.5.1

Wood decay test
Data for a preliminary decay test was presented in Section 1.4.2 demonstrated that ε-

Caprolactam exhibited fungicidal properties against some common wood decay fungi.
Consequently, a more detailed study was conducted to refine the toxic threshold values. The
decay test was performed in accordance with AWPA Standard E-10, using southern pine
sapwood (Pinus spp.) for the brown rot fungi Gloeophyllum trabeum and Rhodonia placenta and
aspen samples (Populus tremuloides) for the white rot fungi Trametes versicolor and Irpex
lacteus. The 14 x 14 x14 mm test samples were weighed and then treated by a vacuum/soak
method using a 15-minute vacuum at 28 inches Hg followed by a 30-minute soak. After
treatment the samples were weighed and allowed to air dry prior to further processing. The decay
fungi and the treating solutions used were as follows:
Table 1.8

List of treating solutions for each selected fungus:
Fungus
G. trabeum
R. placenta
T. versicolor
I. lacteus

Solute concentrations (% w/v)
0, 2, 3, 4, 5
0, 2, 3, 4, 5
0, 2, 3, 4, 5
0, 3, 4, 5, 6

The average ε-Caprolactam retention levels for each treating solution were as follows:
Table 1.9

List of ε-Caprolactam retention levels obtained:
Treatment #
1
2
3
4
5
6

Solute concentration
(% w/v)
0
2
3
4
5
6
13

Average retention
(kg/m3)
0.0
13.9
20.7
28.1
36.1
43.8

Tables 1.10 to 1.13 show the mass-loss results for the tests in accordance with AWPA E10 Standard. Values close to zero can show negative values due to operational mass-loss
calculations.
Table 1.10

Mass-loss for G. trabeum
Retention (kg/m3)
0
13.88
20.66
28.06
36.10

Table 1.11

Mass-loss for R. placenta
Retention (kg/m3)
0
13.88
20.66
28.06
36.10

Table 1.12

Average mass loss (%)
51.1%
24.4%
17.7%
13.8%
9.2%

Average mass loss (%)
43.5%
20.5%
7.0%
-1.1%
-1.1%

Mass-loss for T. versicolor
Retention (kg/m3)
0
13.88
20.66
28.06
36.10

Average mass loss (%)
35.8%
-0.2%
-0.2%
0.0%
-0.1%
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Table 1.13

Mass-loss for I. lacteus
Retention (kg/m3)
0
20.66
28.06
36.10
43.85

Average mass loss (%)
34.5%
0.5%
1.2%
0.4%
0.8%

Figure 1.3 provides a graph that summarizes the tables above by showing the average
mass-loss by ε-Caprolactam treatments.

Figure 1.3

Average mass loss by average retention level for all experiment fungi

According to the data in the tables and the graph, ε-Caprolactam treatments showed
different toxic threshold values for each fungus. The fungus most sensitive to ε-Caprolactam was
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T. versicolor, whereas G. trabeum was the least resistant with a toxic threshold value above the
highest concentration level tested.
As indicated by Stamm and Baechler (1960), PEG-1000 only exhibited protection against
several wood decay fungi at extremely high concentration levels. They postulated that the
effectiveness possibly results from the physical effects and is not due to chemical toxicity. PEG1000 apparently inhibits the fungal growth by removing water through osmosis from fungi and
preventing their growth. They reported that PEG-1000 was capable of keeping wood samples at
about 12% EMC even when the wood was completely swollen in water.
1.5.2

Termite test
The termite test was performed in accordance with AWPA Standard E1, using southern

pine sapwood (Pinus spp.) wafers and Reticulitermes species termites collected from a Dorman
Lake MS site. The wafers were treated by a vacuum/soak method using a 15-minute vacuum @
28 inches Hg followed by a 30-minute soak. The treated samples were allowed to air dry prior to
further processing. Both Polyethylene Glycol 1000 (PEG-1000) and ε-Caprolactam were tested
for efficacy against termites. The chemical treatments are shown in Table 1.14.
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Table 1.14

Treatments and retention levels for the several chemical concentrations

Treatment #

Chemical

Control
P1
P2
P3
P4
C1
C2
C3
C4
C5
C6
C7
C8

PEG-1000
PEG-1000
PEG-1000
PEG-1000
ε-Caprolactam
ε-Caprolactam
ε-Caprolactam
ε-Caprolactam
ε-Caprolactam
ε-Caprolactam
ε-Caprolactam
ε-Caprolactam

Solute concentration
(% w/v)
0
5
10
15
20
1
2
3
4
5
10
15
20

Average retention
(kg/m3)
0.0
41.0
82.7
126.5
170.8
7.2
14.8
22.5
29.2
36.0
74.4
112.1
153.2

After the test, the termite damage to the samples was evaluated accordingly to the visual
ratings described in the AWPA E-1 Standard. Figure 1.4 shows the results.

Figure 1.4

Bar plot comparing the AWPA E1 visual ratings at various ε-Caprolactam
treatment levels.
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A procedure was developed to screen the ε-Caprolactam toxicity to termites since it was
detected that within one week of exposure all termites were dead. This toxicity procedure was a
modified version of the method outlined in AWPA E-1. The evaluation criteria for each data
collection consisted of counting the number of dead worker termites on the sand surface, and
changes in their behavior regarding (1) environmental light change, (2) container handling, and
(3) being lightly touched with clean metal forceps. After the last evaluation 144 hours after
beginning the experiment the number of living termites were evaluated along with the condition
of the wood sample; including the number, shape and depth of the galleries carved into the sand.
Soldier termites were omitted for this evaluation. This procedure was carried out with three
treatment concentration levels of ε-Caprolactam: 1%, 10% and 20% w/v, in addition to a set of
control samples.
The initial data collection for the modified AWPA E-1 test was performed 24 hours after
initial exposure. At this interval, the termite’s behavior was considered normal for all the
containers with the termites crawling over the wood samples before being handled. A similar
number of dead termites on the top of the sand was present for all groups. After 48 hours, the
number of dead termites on the surface of the sand was similar for all groups, but an anomalous
behavior was observed in most of the containers with ε-Caprolactam treated samples. That is, the
termites did not exhibit photophobia and neither tried to hide upon container handling but
responded by fleeing once touched with the forceps. Even after lightly shaking the container or
being flashed with a strong LED flashlight, the majority of the anomalous termites continued
crawling over the wood samples. The number of anomalous termites was variable being zero in
some containers, countable in some, and uncountable in others. Hence in order to establish a fair
comparison, labels of 0, 5 and 100 were used to quantify, but not enumerate, the termites after 48
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hours. After 96 and 144 hours, two opposing trends were detected for both death rate and
anomalous behavior. Samples with lower ε-Caprolactam concentration killed the termites faster
and had less anomalous termites in the container while the samples with higher concentrations
tended to show the opposite, as shown in Tables 1.15 and 1.16. After 96 hours of exposure, the
majority of the anomalous termites were not moving, just shaking their antennas, bodies, and
legs if inverted, and were not responding to the forceps’ light touch.

Table 1.15

Average number of identifiable dead termite bodies
Treatment #
Control
1C
10C
20C

Table 1.16

Number of dead termite bodies
48h
96h
144h
10.8
12.2
6.4
22.6
50.6
74.6
18.6
36.2
61.6
25.4
35
64.2

Average number of anomalous termites
Treatment #
Control
1C
10C
20C

Number of anomalous termites
48h
96h
144h
0
0.8
0.4
22
12
8.6
43
12.4
8.4
62
16.4
2.8

When evaluating the results using the Standard guidelines, mainly for the first
experiment, ε-Caprolactam was significantly more effective than PEG-1000 regarding protection
against termites. Treatment 1C exhibited an average visual rating of 8, while the comparable
treatment 1P failed. Treatment 5C exhibited maximum protection, while treatment 5P also failed.
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The data also shows that the PEG-1000 treatment offers no protection against termites at levels
below 82.7 kg/m3. Conversely, ε-Caprolactam was highly effective at all levels and was
completely resistant to termite attack at the highest treatment level.
Regarding the toxicity study, after 6 days of exposure (144 h) the PEG-1000 control
samples had an average of more than 330 termites alive, while the average termite numbers for
the ε-Caprolactam treated samples were 4.4, 30 and 17.4 for treatments 1C, 10C, and 20C,
respectively. Furthermore, the tunneling behavior was considered normal for all containers with
the galleries being numerous and deep, with no noticeable shape differences detected between
treated and control containers. Regarding sand covering, the control samples were 100% covered
with a thick layer of sand, whereas the samples treated with treatment 1C were partially covered
(approximately between 40% and 60%), while the other two (10C and 20C) just had minor
coverage (less than 10%).
1.6

Dimensional stability properties imparted by ε-Caprolactam
The preliminary data provided evidence that ε-Caprolactam treated wood exhibits

improved dimensional stability. Furthermore, at appropriate treatment levels it provides
protection against fungi and termites. However, relatively high treatment levels are required to
achieve reasonable levels of dimensional stability. Consequently, additional studies were
performed to see if selected additives could be used to lower the ε-Caprolactam efficacy levels
required.
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1.6.1

Dimensional stability of pine treated with a combination of ε-Caprolactam and
Furfuryl Alcohol.
The objective of this experiment was to determine whether or not improved dimensional

stability could be obtained by combining ε-Caprolactam and Furfuryl Alcohol. In this study three
pine sapwood wafers measuring 10 × 25 × 25 (L × R × T) were cut from 3 different boards,
resulting in nine samples per treatment with three replicates per board. The treatments are shown
in Table 1.17:
Table 1.17

Treatments used for the dimensional stability study with a combination of εCaprolactam and Furfuryl Alcohol.

εFurfuryl
Maleic
Retention
Caprolactam
Alcohol
Anhydride
level
(w/v %)
(w/v %)
(w/v %)
(kg/m3)
1
0
0
0
0.00
2
5
0
0
42.8
3
7.5
0
0
65.4
4
10
0
0
87.6
5
5
5
2
105.7
6
5
10
2
163.3
For treatments 5 and 6, 2.5% w/v and 5% w/v of ethanol was added to improve the solubility of
Furfuryl Alcohol.
# Formulation

Samples were treated by a vacuum/soak method where the samples were weighed down
inside a container. Treating solution was added, and the containers were placed in the vacuum
chamber. A full vacuum (28+ in Hg) was applied for 15 minutes, then released slowly. Then, the
samples were allowed to soak in the solution for 15 minutes.
The samples that received treatments 1 to 4 were air dried. Samples that received
treatments 5 and 6 were cured by wrapping the wet samples with aluminum foil and drying in the
oven for 3 hours at 140 °C. Following this the aluminum foil was removed, and the samples were
returned to the oven for 2 hours at 140 °C to complete the cure.
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After curing, the samples were placed inside the simple version of the sorption/desorption
apparatus that is described in Chapter 2. This apparatus has no temperature control, and it is
capable of wetting specimens using atomized water and then drying them over silica gel.
For both dry and wet cycles, samples were exposed to the specific cycle conditions for
eight days. Samples were allowed to attain constant weight before their dimensions were
recorded.
The sample’s dimensions were obtained by the method and software described by
Milsted et al. (2020), where a flatbed scanner and computer software are used to obtain the radial
and tangential dimensions of each wood sample. The scanner used was a Canon V39 Perfection,
and the resolution of the images were 300 dpi.
Dimensions before the treatment were not obtained. Tables 1.18 and 1.19 show the
average values obtained for samples after the drying cycle and wetting cycle, respectively.
Table 1.18
Treat. #
1
2
3
4
5
6

Table 1.19
Treat. #
1
2
3
4
5
6

Average sample dimensions after the drying cycle.
Radial (mm)
24.93
25.67
25.73
25.92
25.30
25.44

Tangential (mm)
26.06
26.23
26.40
26.64
26.10
25.71

Area (mm2)
649.80
673.21
679.17
690.49
660.29
654.23

EMC (%)
4.40%
4.35%
4.83%
6.87%
4.21%
4.79%

Average sample dimensions after the wetting cycle.
Radial (mm)
26.35
26.53
26.69
26.59
26.30
26.30

Tangential (mm)
27.23
27.41
27.33
27.29
26.98
26.98
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Area (mm2)
717.34
727.36
729.52
725.88
709.55
709.55

EMC (%)
29.76%
76.02%
92.01%
96.21%
96.62%
85.13%

Table 1.20 shows the swelling percentages obtained for each treatment.
Table 1.20
Treat.
#

Radial, tangential and total swelling percentages for each treatment
Radial
swelling

Tangential
swelling

Total
swelling

1
5.66%
4.48%
10.39%
2
3.37%
4.52%
8.04%
3
3.76%
3.52%
7.41%
4
2.62%
2.44%
5.12%
5
3.95%
3.37%
7.46%
6
3.35%
4.94%
8.45%
Note: 10% w/v FA resulted in a slight increase in total swell.

ε-Caprolactam
(% w/v)
0
5
7.5
10
5
5

Furfuryl
Alcohol
(% w/v)
0
0
0
0
5
10

On the basis of this study, it is apparent that the treatments with a combination of εCaprolactam and Furfural Alcohol does not significantly improve the dimensional stability of
pine compared to the enhancement achieved with ε-Caprolactam. Hence, this does not appear to
be a viable option for enhanced stability.
1.6.2

Development of a test method to accelerate the checking of wood
The lack of wood dimensional stability is closely related to the appearance of checks on a

given wood sample. Checking occurs in wood samples that are subjected to alternate wet and dry
cycles. To study this behavior, a test method is needed in order to evaluate the effect of potential
bulking agents that reduces checking. This study was an performed to develop a rapid wet/dry
method for evaluating the checking in pine wood and is based on a preliminary experiment that
was similar to this one but with fewer samples.
For this study, 14 test samples were cut from two commercial kiln dried southern yellow
pine sapwood nominal 2 × 4s, coded Group A and Group C, with seven samples per group. The
group A board has a density of 0.49 g/ 18.8% EMC and Group C board has a density of 0.61
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g/cm3 at 25.3% EMC. The individual samples were prepared by first cross cutting the 2 × 4s into
pieces 14 cm (~6 in) long. Following this, the samples were rip sawn on the outermost tangential
surface, parallel to the grain, to provide test samples measuring 14 × 9 × 2.5 cm (L × R × T). The
samples received two wax layers on 5 faces, leaving the tangential surface that received the
longitudinal cut without any coating.
Samples were exposed to deionized water through direct contact of the tangential surface
with wet natural sponges, that were in contact with the liquid water on one surface. The objective
of this test set-up was to avoid direct contact of the wood samples with the liquid water, and
force water absorption only through capillarity action.
The sponges were placed and held under the samples using latex rubber bands, to keep all
the surface of the wood in contact with the sponge even after the anticipated warping that occurs
because of the swelling.
To avoid any influence of the external air, all the samples were exposed to high humidity
conditions by placing them in plastic containers with small amounts of water in the bottom for
2.5 hours. The samples were weighed to obtain the initial moisture content value, then exposed
to high humidity conditions in the containers for 2.5 hours. Then they were weighed again to
determine how much water was absorbed. Following this the samples were oven dried, and
weighed again. The samples received this cycle of exposure and drying 5 times. This resulted a
24 h cycle, with a drying time of 21.5 h and 2.5 h of moisture exposure. The drying ovens were
set at two temperatures, 60 °C and 80 °C, and provided forced air circulation. Six samples per
group were used to run the 60 °C test, and eight samples per group were used for the 80 °C test.
To evaluate the results, three evaluation factors were used based on a preliminary study:
number of checks, thickness and length of each check. In planning to develop an automated
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method in the future, a simple template for manual analysis of the checks with reduced
subjectivity was developed. The template is a printed standard guide with lines with different
thickness to aid in the measurement of the checks’ thickness at their widest portion, and the
method is based on three developed mathematical formulae. To evaluate the length of the checks,
a simple caliper is used to measure the linear distance between the two extremities of the check,
disregarding any information regarding any curvature present in the check.
1.6.2.1

Development of the check measuring printed template

For one sample from a preliminary study based mainly on the human eye capability, the checks
that had similar thickness were recorded. After classifying the checks, the thickness of each one
was measured using a Koolertron 5MP digital microscope and ImageJ software. The
measurements taken were used to establish an organically perceptive threshold of thickness, so
that an operator could perform measurements using only low-tech tools. This step showed that,
on average, the human eye is capable of detecting increasing and decreasing check thickness of
0.15 mm. Based on this experimental information, a template was made with lines that start at a
thickness of 0.15 mm, and go up to 3 mm with an offset of 0.15 mm. The template is shown in
Figure 1.5 and must be printed from a PDF file with high quality print settings to work. The
number under each line defines a property designated as Check Factor.
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Figure 1.5

1.6.2.2

Check Factor Template used to classify checks on a wood sample tangential
surface

Development of the check evaluation method
Each check on the surface is evaluated for this analysis. The check length and the Check

Factor should be obtained to calculate the Individual Check Influence (CII) for each check. CII
can be calculated with Equation 1.1.

𝐶𝐼𝐼 = 𝐶𝐿 × 𝐶𝐹2

(1.1)

Where:
CII is the check individual influence, CL is the length of the check in mm measured by the
caliper, and CF is the checking factor that is obtained using the template described in the previous
section.
As the influence of a face check on a wood surface is a subjective factor depending on
how much the check affects the “overall picture” of the material, two other classifications were
created to reduce the subjectivity of this analysis: Checks’ Visual Effect and Checks’
Classification. Checks’ Visual Effect (CVE) is the sum of all CII as Equation 1.2 shows and
represents the total loss of surface smoothness.
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(1.2)

𝐶𝑉𝐸 = ∑ 𝐶𝐼𝐼

The Check’s Classification (CC) considers the CVE and the surface area of the sample
where the checks are and represents the virtual damage that the sample imparts. Using the area, it
is possible to quantify the influence of the checks in the “overall picture” of the sample. CC is
calculated using Equation 1.3.

𝐶𝐶 =

𝐴𝑆
𝐶𝑉𝐸

(1.3)

Where:
CC is the check’s classification, AS is the area of the sample surface, and CVE is the
check’s visual effect. Theoretically, CC is measured in mm-1, but it was decided to omit the unit
since it does not provide a significant meaning in a subjective evaluation.
1.6.2.3

Number of checks, Checks’ Visual Effect and Check Classification
As described previously, two different temperatures (60 °C and 80 °C) were evaluated.

Table 1.21 shows the average values for the number of checks, Checks’ Visual Effect, and
Check Classification for 60 °C, while Table 1.22 shows the values for 80 °C.
Table 1.21

Average number of checks, Checks’ Visual Effect, and Check Classification
for 60 °C
Group

N. of Checks

Check’s Visual Effect

A
C

6.00
6.64

596.37
908.50
27

Check
Classification
4.97
7.59

Table 1.22

Average number of checks, Checks’ Visual Effect, and Check Classification
for 80 °C
Group

N. of Checks

Check’s Visual Effect

A
C

4.00
8.18

1633.38
1114.57

Check
Classification
13.65
9.32

The results from this preliminary study indicates that this method for evaluating the
checking in wood has promise as a method for evaluation of various treatments.
1.6.3

Development of a test method to evaluate wood cupping of wood specimens
treated with dimensional stabilizing chemicals
A preliminary experiment was conducted to develop a methodology to determine the

dimensional stability imparted by chemical treatment of wood samples by evaluating the cupping
effect caused by moisture gradients.
1.6.3.1

Preliminary study – Radius reduction method
The objective of this study was to test the influence of ε-Caprolactam in controlling the

warping/cupping effect of wood. The aim was to evaluate the influence of a given chemical on
wood dimensional stability in samples highly prone to show warping/cupping defects when
exposed to a finite and controlled amount of water. The method consists of a comparison of the
circle’s radii that can be drawn by selecting three points from the curvature of the surfaces of a
dry and a wet sample. Depending on the dimensions of a wood sample, when exposed to water it
is possible to force an exaggerated cupping/warping effect. A study has shown that cupping is
less prevalent when the thickness (radial dimension) is at least eight times smaller than the width
(tangential dimension) (Williams, 2010).
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The test samples for this study were prepared from southern yellow pine (Pinus spp.)
sapwood and were divided into five sets, with each set made from different boards, and each set
containing 6 samples measuring 10 × 10 × 90 mm (L × R × T). The samples were sorted into a
matched-pair setting: odd-numbered samples were designate for the untreated (control) group,
and even-numbered samples were treated with 5% w/v ε-Caprolactam solution in a vacuum/soak
process consisting of a vacuum (28+ in Hg) which was applied for 15 min, then released slowly.
A soaking time of 30 minutes was used prior to removing the samples for air drying.
A testing tray was 3D printed in PLA to facilitate the testing procedure. Figure 1.6 shows
an image of the tray. The tray was printed with walls high enough to avoid contact between the
liquids inside of each one of the units and had a special lid that enclosed the wood samples in
micro-environments to avoid external disturbances.
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Figure 1.6

3D printed testing tray for warping studies.

The test procedure consisted of oven-drying the samples at 100 °C until they reached
constant weight. Then, they were placed inside a hermetic bag to cool down, and then their dry
weights were recorded. After that the outermost tangential surface of the samples were exposed
to 3 ml of DI water that was placed at the center of the treating trays. After 5 minutes exposure,
the weight each sample was recorded, and their radial surface was then scanned by a Canon V39
Perfection flatbed scanner at 300 dpi.
A known method described by Cai & Dickens (2004) that was used to evaluate the
warping of composite panels by calculating the center of a sphere with proposed mathematical
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formulae was used in this study. They pointed out that a 3D evaluation of the panel warping can
be performed by determining the mid-span deflection along the X and Y axis, then combined. To
obtain these deflections, a needed parameter is the radii of the deflection in the two axes to find
the center of the deflection.
For the analysis in this study a 2D approach was developed using the same principle but,
instead of a sphere, the evaluation consists of a circle and its radius. This method was designated
as a radius reduction method.
The radius reduction method is a comparison between the radii of the circle obtained by
analyzing the curvature of a dry wood sample and a wet wood sample. The circles are calculated
using three points obtained by evaluating the outer edges of the samples on the Equation of the
Circle, shown in Equation 1.4.

𝐴𝑥 2 + 𝐴𝑦 2 + 𝐵𝑥 + 𝐶𝑦 + 𝐷 = 0

(1.4)

After scanning the samples, it is possible to locate the X and Y coordinates of a pixel
using any software used for image editing. These coordinates are the input points used in the
circle equation. Figure 1.7 shows an example of how the collection of these pointes were made,
and a section of a circle that was drawn using the information extracted. When collected
properly, this calculated circle tends to have the same curvature of the sample’s surface.
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Figure 1.7

Surface point extraction (left), and section of the circle that was calculated (right).

The radius reduction is a ratio between the dry wood radius and the water-exposed wood
radius. Radius reduction with values closer to 1 indicates that the sample did not warped very
much, therefore the smaller the radii reduction values are the more stable the sample is. Values
above 1 indicate a curvature from bark to pith, and between 0 and 1 indicate the opposite.
After removing outliers, a T-Test with 95% of confidence level was performed to
evaluate the differences between the radii reduction for untreated and treated samples, and a Pvalue of 0.0309 was obtained, indicating that the method is valid for use in other studies. The full
T-Test report is in the appendix.
1.6.3.2

Radius reduction test for a series of sample treated with ε-Caprolactam and
PEG-1000 at different levels
The objective of this experiment was to provide some preliminary information on this

new concept for comparing the effects ε-Caprolactam and PEG-1000 treatments at different
treatment levels on cupping expressed as radius reduction, where a low radius reduction value
represents less cupping. A total of 9 samples were cut from 3 different southern pine (Pinus spp.)
sapwood 2 × 4 boards (3 from each board) with dimensions of 10 × 10 × 90 mm (L × R × T), for
each treatment level and chemical, resulting in 162 samples. The selected chemical treatment
levels were 0, 3, 9, 12, 15 and 18% w/v for both ε-Caprolactam and PEG-1000.
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For this study the samples weights were recorded by group, instead of individual
specimen, since the average weight values are of interest and minimizing time between exposure
and scanning is critical. The samples were treated by a vacuum/soak treating method, using 15
minutes at full vacuum (28+ in Hg) followed by 30 minutes soaking time for each treatment
solution. After treatment, the sample surfaces were blotted with a paper towel and their weight
was recorded by group. After treatment they were air dried under room conditions to reduce their
moisture content before they were placed inside the controlled environment to start the
experiment.
This test was also performed using the simple version of the sorption/desorption
apparatus that is described more thoroughly in Chapter 2. As explained in Section 1.6.1, this
apparatus has no temperature control, and it is capable of wetting specimens using atomized
water and drying them using silica gel.
The samples were placed in the apparatus for drying over SO2 until constant weight was
confirmed, then their weights were recorded. Immediately after recording the weight, they were
scanned using a Canon V39 Perfection flatbed scanner at 300 dpi. Following this the samples
were exposed to 2 ml of DI water for 2 minutes using the 3D printed tray. Immediately after
water exposure, they were weighed and scanned. Following this the samples were oven dried at
103 °C +- 3 °C until their weight stabilized, and then their weight was recorded. In all steps, all
samples were weighed at the same time (no individual weight was recorded) due to the time and
environmental-changes sensitivity of this study. Information from the images was manually
extracted using a generic image editing software, and the radii for dry and wet cycles were
calculated for all the samples.
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The outliers were removed using the Interquartile Range rule (IQR), and Tables 1.23 and
1.24 show the results of this study.
Table 1.23

Moisture contents, water uptake and radius reduction for control samples

T. #

Wood

EMC SO2

EMC DI H2O

H2O Uptake (g)

CON

S. Y. Pine

5.28%

39.33%

4.624

Table 1.24

Moisture contents, water uptake and radius reduction for the treated pine wood
samples.

T. #

Chemical

P1
P2
P3
P4
P5

3% PEG-1000
9% PEG-1000
12% PEG-1000
15% PEG-1000
18% PEG-1000

C1
C2

3% ε-Caprolactam
9% ε-Caprolactam
12% εCaprolactam
15% εCaprolactam
18% εCaprolactam

C3
C4
C5

Radius
reduction
7.55

Retention
level
(kg/m3)
55.11
169.07
221.64
286.17
338.73

EMC
SO2

EMC DI
H2 O

5.03%
4.08%
3.78%
3.68%
3.45%

41.88%
31.70%
28.56%
31.79%
30.12%

H2 O
Uptake
(g)
5.239
4.198
3.786
4.513
4.370

58.38
168.20

4.52%
4.52%

41.18%
37.48%

5.215
4.832

5.88
2.27

220.53

5.01%

34.67%

4.469

2.08

278.94

5.35%

30.92%

3.903

1.59

344.87

6.07%

25.41%

3.030

0.86

Radius
reduction
4.70
2.43
4.89
1.63
1.88

The values for radius reduction clearly show an influence of both chemicals on the wood
dimensional stability. However, there is a considerable amount of variation and this will need to
be resolved before the method can be considered viable. Perhaps more replicates and better
selection of the wood test specimens would eliminate some of the variation. However, it does
appear it from the data in Table 1.24 that the consistent performance in cup reduction for the ε34

Caprolactam treated samples at the various concentrations has considerably less variation than
those that were treated with PEG-1000. This is nicely illustrated in Figure 1.8 which shows the
cupping reduction in relation to treatment concentration.

Figure 1.8

Plot comparing the radius reduction values obtained for pine samples for each
treatment concentration for both chemicals.

As previous studies have shown, both chemicals stabilize wood which is enhanced by
increased retention levels and the trends in this study confirm this conclusion. However, as the
tables and the plots indicate, some of the treatment levels exhibited an unexpected level of radius
reduction. Evaluating the raw data, it is not possible to make a conclusion or statement about
what caused these oddities. For now, the anomalies can be attributed to the natural variability of
wood and some outliers were removed from all groups. Despite the variation it appears that this
methodology can be refined and provide a useful method for evaluation of dimensional
stabilization treatments.
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Regarding EMC and water uptake, another trend that is apparent is that the liquid water
absorption decreases with the chemical retention. Since the samples were exposed virtually at the
same time, for very similar exposure times, these trends are valid. As mentioned before, Stamm
and Baechler (1960) found that PEG-1000 kept the wood cells at about 12% EMC even when
fully swollen with water. The presence of this chemical prevented the wood cells from adsorbing
more water, and there is a possibility that ε-Caprolactam is providing the same osmotic effect. ΕCaprolactam is considered to be a highly hydrophilic material due to its high solubility (~867 g/L
@ 22 °C). PEG-1000 has a solubility of 670 g/L at 20 °C and is also considered to be a highly
hydrophilic material. Just as a comparison, sodium chloride (kitchen salt) is considered a highly
soluble substance and its solubility is only 36 g/L at 25 °C. More studies are needed to confirm
these hypotheses, but for now it is theorized that the stability provided by ε-Caprolactam occurs
similarly to the mechanism proposed by Stamm and Baechler where the cell wall is not being
wetted by water due to the extremely high hydrophilicity of the chemical. This hypothesis is
supported by the experiment in Section 1.6.1 where all of the samples treated with this chemical
had an EMC more than the double that of the untreated samples when exposed to atomized water
fog (vide Tables 1.18 and 1.19).
1.7

Leachability of ε-Caprolactam from treated wood.
As shown in the previous sections, ε-Caprolactam imparts both dimensional stability and

protection against biodegradation agents when aqueous solutions are impregnated into wood.
However, due to its water solubility it is assumed that it will be susceptible to leaching when
exposed to wet conditions. One possible method to reduce its leachability is to combine εCaprolactam with other chemicals before the treatment. As the previous experiment showed, a
combination of Furfuryl Alcohol and ε-Caprolactam improved the dimensional stability of the
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wood slightly beyond that of ε-Caprolactam. Consequently, a water leaching test was set up to
determine if treatment with a combination of Furfuryl Alcohol and ε-Caprolactam would reduce
the leaching of ε-Caprolactam when the treated wood was exposed to water.
In order to determine the leachability of ε-Caprolactam from wood, the treated samples
were immersed in water for various time periods. The leachate was then analyzed by HPLC to
quantify the amount of ε-Caprolactam that had leached. Details of the leaching test are presented
below.
1.7.1

HPLC settings
To obtain the leachability of ε-Caprolactam from wood an 1100 Agilent High

Performance Liquid Chromatography (HPLC) equipped with ZORBAX eclipse plus C18 (5 μm,
4.6 × 150 mm) column and UV detector was used to analyze the leachate. In this procedure a
mobile phase of 15% of acetonitrile–water solution was prepared for all tests. The HPLC tests
were run using an autosampler, and the flow rate was set to 1 mL/min with UV detection at 210
nm. For each sample, 10 μL of the leachate was injected over 5 minutes with an interval of 1
minute between samples, where only the mobile phase was injected. The column temperature
remained constant at 30 °C. A standard calibration curve was designed based on standard
analytical solutions of ε-Caprolactam. The ε-Caprolactam peak was detected at approx. 4
minutes and 30 seconds, and the concentration levels were calculated based on the designed
standard calibration curve.
1.7.2

Water leaching test for four ε-Caprolactam formulations
The leaching test was performed in accordance with the European Standard EN 84

method using EN 113 pine blocks measuring 50 × 25 × 15 mm (R × T × L), as described by
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Melcher et. al (2004). Five replicate test blocks that were cut from five different pine sapwood
boards which were pressure treated by the full cell process using a full vacuum (28+ in Hg) for
15 minutes while the blocks were submerged in the treating solution. Next, the vacuum was
slowly released and then 125 psi pressure was applied for 15 minutes. After air drying, the
blocks were end sealed with an epoxy resin. The formulations for each treatment are described in
Table 1.25.
Table 1.25

Treatment formulations.

# Formulation
1
2
3
4

Furfuryl
Alcohol (w/v
%)
0
10
20
30

Maleic
Anhydride
(w/v %)
0
4
4
4

Ethanol
(w/v %)

ε-Caprolactam
(w/v %)

0
5
10
10

5
10
10
10

Retention
level
(kg/m3)
32.81
169.16
235.15
321.73

The leaching test was carried out after weighing each block and then placing each of the
four sets of five blocks in a 500 ml Erlenmeyer flask along with 500 ml of DI water, and the
samples were weighted down so that they stayed submerged. After three days, a 3 ml sample of
the water from each flask was taken for chemical analysis. The residual water was discarded, and
fresh DI water was added to the flask and the samples were weighted down. Thereafter, these
sample collection and water replacement procedures were repeated at seven-day intervals for a
total time test of 59 days.
Chemical analysis of each of the leachate samples were analyzed by the HPLC
procedure that was detailed previously in Section 1.7.1.
Table 1.26 shows the amount of leachate that was detected for each treatment, and Table
1.27 shows a cumulative value of the leachate for each treatment, per exposure day.
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Table 1.26

Detected amounts of ε-Caprolactam for the EN 84 Standard procedure

Day
Treatment 1
3
3.079E+00
10
2.154E+00
17
7.270E-01
24
6.330E-01
31
3.115E-01
38
2.071E-01
45
1.662E-01
52
8.247E-02
59
4.589E-02
Amounts are shown in mg/ml.
Table 1.27

Treatment 2
2.44E+00
1.83E+00
9.73E-01
5.23E-01
3.10E-01
2.46E-01
2.05E-01
1.10E-01
6.99E-02

Treatment 3
1.82E+00
1.68E+00
9.30E-01
6.39E-01
4.01E-01
2.91E-01
2.44E-01
1.34E-01
8.89E-02

Treatment 4
2.35E+00
1.25E+00
8.89E-01
5.68E-01
4.10E-01
2.76E-01
2.19E-01
1.35E-01
8.73E-02

Cumulative amounts of ε-Caprolactam for samples leached in accordance with the
EN 84 Standard procedure.

Day
Treatment 1
3
3.07859
10
5.23227
17
5.959231
24
6.592274
31
6.903819
38
7.110927
45
7.277131
52
7.359604
59
7.405499
Amounts are shown in mg/ml.

Treatment 2
2.44309
4.27761
5.250302
5.773444
6.083241
6.329006
6.533981
6.644204
6.714144

Treatment 3
1.82454
3.50093
4.43099
5.069799
5.470673
5.761352
6.00515
6.138931
6.227879

Treatment 4
2.35011
3.60291
4.492036
5.059588
5.469972
5.746464
5.965029
6.099718
6.186988

The plot shown in Figure 1.9 exhibits visually the data exposed above.
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Figure 1.9

Plot showing the cumulative leachate values for the four treatments following EN
84 standard.

Based on the control samples treated with neat ε-Caprolactam, the data shows that the
combination of Furfuryl Alcohol and ε-Caprolactam reduces leaching of ε-Caprolactam
somewhat but probably is not sufficient to be practicable. Treatments 3 and 4 had a significant
difference in their amount of furfuryl alcohol in their treating solutions but the reduction in
leaching was virtually identically.
1.8

Experimental microscopy study: optical and scanning electron microscope (SEM)
analysis for ε-Caprolactam and PEG-1000 treated wood
This procedure was conducted to observe, if possible, the influences imparted by ε-

Caprolactam and PEG-1000 located in the cell wall wood structure. For both microscopic
techniques, sapwood samples were machined from southern yellow pine measuring 8 × 8 × 20
mm (R × T × L) (transverse sample) and 8 × 8 × 20 mm (L × T × R) (radial sample). These
samples were treated with the formulations shown in Table 1.28. As this procedure is designed to
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support the other studies, it can be considered a screening test for possible microscopy studies.
Consequently, there are no reps for this procedure.
Table 1.28

Formulations for microscopic analysis for ε-Caprolactam and PEG-1000

# Formulation
1
2
3
Amounts are shown in mg/ml.

PEG-1000
(w/v %)
0
20
0

ε-Caprolactam
(w/v %)
0
0
20

Retention level
(kg/m3)
0
134.9
136.1

The samples were treated by submersing them in the treating solution followed by 30
minutes of full vacuum (28+ in Hg), then the vacuum was released slowly. The samples were
allowed to soak for 5 minutes, then they were transferred to sealed plastic bags to avoid drying.
The bags containing the samples and the original treating solutions were stored at 4 °C to avoid
fungal growth due to contamination. The samples were cut using a manual microtome, with a
thickness of 20 microns for both radial- and longitudinal-surface cuts. It was not possible to
prepare thinner samples. Sequential layers were put on stubs for SEM and on glass slides for
optical microscopy. The former layers received drops of the original treating solutions to
conserve the layers in the saturation state, and the top glass laminae was glued to the glass slide
to create a closed system and avoid evaporation. Glass slides with 100% and 20% w/v solutions
were also prepared. Figure 1.10 shows the glass slides.
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Figure 1.10

Glass slides prepared for the optical microscopy study.

From left to right: 1- Untreated. 2- Treated with PEG-1000 at 20% w/v. 3- Treated with εCaprolactam at 20% w/v. 4- PEG-1000 chemical sample. 5- ε-Caprolactam chemical sample.
All slides have the longitudinal section at the top, and radial section at the bottom. Both chemical
slides have 20% w/v dilution at the top, and pure chemical at the bottom.
The wood sections were attached to the stub using a carbon adhesive, then coated with
standard 20 nm platinum conductive coating using a EMS 150T ES sputter coater. The prepared
stubs for the SEM analysis are shown in Figure 1.11.

Figure 1.11

Platinum coated SEM stubs with radial and longitudinal samples.
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The SEM used to scan the wood samples was a JEOL JSM-6500F, running at 5.0 kV.
The optical microscope was a Nikon Eclipse E600 with a Jenoptik ProgRes Speed XT Core5
camera attached, running with ProgRes Capture Pro software v. 2.10.1. Several magnifications
were used to collect SEM images, and for the optical microscope the lens was a Nikon Plan
Fluor 20x/0.50, with a Nikon C-TP light polarizer.
The slides with the chemicals only were prepared to test if the chemicals show
crystallinity by themselves under different angles of polarized light. Figures 1.12 and 1.13 show
the side-by-side comparison between the chemical structure with polarized light at 0° and 90°.

Figure 1.12

Pure chemical crystalline structure of PEG-1000 taken at 200x magnification.

Left: 0° polarized light. Right: 90° polarized light.
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Figure 1.13

Pure chemical crystalline ε-Caprolactam structure taken at 200x magnification.

Left: 0° polarized light. Right: 90° polarized light.
Due to the color shift exhibited, it is possible to evaluate the influence of these chemicals
on the wood crystallinity if changes are detected when comparing treated samples with control
samples.
1.8.1

Untreated wood
Figures 1.14 and 1.15 show the cross-section of the untreated wood samples, with 0° and

90° angles of polarized light exposure, respectively. The radial views are presented in the
appendix.
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Figure 1.14

Cross-section view of untreated sample taken at 200x magnification through the
optical microscopy with 0° polarized light exposure
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Figure 1.15

Cross-section view of untreated sample taken at 200x magnification using the
optical microscopy with 90° polarized light exposure

Figures 1.16 and 1.17 show the cross-section using the SEM at 400x and 1400x,
respectively. The radial views are presented in the appendix.
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Figure 1.16

SEM Cross-section view of untreated wood samples at 400X.
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Figure 1.17

1.8.2

SEM Cross-section view of untreated wood samples at 1400X.

PEG-1000 treated wood
Figures 1.18 and 1.19 show the cross-section of the PEG-1000 treated wood samples,

with 0° and 90° angles of polarized light exposure, respectively. The radial views are presented
in the appendix.
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Figure 1.18

Cross-section view of PEG-1000 treated sample taken at 200x magnification
through optical microscopy with 0° polarized light exposure
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Figure 1.19

Cross-section view of PEG-1000 treated sample taken at 200x magnification using
the optical microscopy with 90° polarized light exposure.

Figures 1.20 and Figure 1.21 show the cross-section using the SEM at 220x and 1000x,
respectively. The radial views are presented in the appendix.
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Figure 1.20

SEM cross-section view of PEG-1000 treated wood samples at 220X.
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Figure 1.21

1.8.3

SEM cross-section view of PEG-1000 treated wood samples at 1000X.

ε-Caprolactam treated wood
Figures 1.22 and Figure 1.23 show the cross-sections of the ε-Caprolactam treated wood

samples, with 0° and 90° angles of polarized light exposure, respectively. The radial views are
presented in the appendix.
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Figure 1.22

Cross-section view of ε-Caprolactam treated sample taken at 200x magnification
using the optical microscopy with 0° polarized light exposure
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Figure 1.23

Cross-section view of ε-Caprolactam treated sample taken at 200x magnification
using optical microscopy with 90° polarized light exposure.

Figure 1.24 and Figure 1.25 show the cross-sections using the SEM at 400x and 1400x,
respectively. The radial views are presented in the appendix.
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Figure 1.24

SEM cross-section view of ε-Caprolactam treated wood samples at 400X.
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Figure 1.25
1.8.4

SEM cross-section view of ε-Caprolactam treated wood samples at 1400X through
SEM

Discussion
While the data is insufficient to make specific conclusions, it is possible to theorize about

the behavioral changes imparted by these two chemicals on wood. As indicated before, the color
shift that is exhibited when the chemical is exposed to 0° polarized light versus 90° polarized
light can indicate its presence and location. Figures 1.26 to 1.28 show a side-by-side comparison
between these two angles of polarized light exposure for the control group, PEG-1000 treated
group and ε-Caprolactam treated group, respectively.
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Figure 1.26

Optical microscopy of control samples

Left: 0° polarized light exposure. Right: 90° polarized light exposure.

Figure 1.27

Optical microscopy of PEG-1000 treated samples

Left: 0° polarized light exposure. Right: 90° polarized light exposure.

Figure 1.28

Optical microscopy of ε-Caprolactam treated samples

Left: 0° polarized light exposure. Right: 90° polarized light exposure.
As the images show, there are more “blueish” areas in the treated samples than in the
control sample. This color shift very likely indicates an increase in the crystallinity. Also, it is
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noteworthy that there are also color shifts to the red spectrum, that were also present when only
the chemicals were being observed. Even though the slices were too thick, it is possible to verify
that both chemicals altered the crystallinity and diffused into the cell walls. With these images, it
is possible to theorize that part of the dimensional stability provided by both chemicals is related
to an increase of the crystallinity. Regarding PEG-1000, this theory conflicts with the
conclusions of Stamm and Baechler (1960) and illustrates that there are chemical
bonding/reactions between PEG-1000 and the cell walls, therefore the dimensional stability
increase is partially due to its diffusion into the cell wall and not only to its physical presence and
osmotic potential.
When observed by SEM, the affirmations provided by Stamm and Baechler about PEG1000 become more evident. Figure 1.29 shows in detail areas of the three groups of wood
samples.

Figure 1.29

PEG-1000 treated, control, and ε-Caprolactam treated SEM images at 400x

PEG-1000 treated samples are mostly covered with the chemical, and some tracheids are
completely filled in. The appearance of the ε-Caprolactam treated samples are closer to the
control samples and by SEM observation it is not possible to identify where this chemical is
located. However, it seems that the cells are less closely attached to each other with more space
between each cell. There is a chance that ε-Caprolactam is interacting with the hemicellulose,
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and this could be the cause of this separation. If the images obtained using the optical
microscopy can be used to locate the chemicals, then is possible to affirm that ε-Caprolactam is
more concentrated or shows more its influence in the outermost portion of the cell walls, which
is easily visualized when the polarized light exhibits red to blue shifts when changing the angle
of the polarized light from 0° to 90°, respectively.
1.9

Conclusions
The preliminary studies provided sufficient data to justify studying in detail the properties

imparted by using ε-Caprolactam as a bulking agent to dimensionally stabilize wood and to also
protect this material against its common biodegradation agents such as wood-decay fungi and
termites. These studies point out that ε-Caprolactam at appropriate treating levels is an excellent
product to protect wood against these xylophagous agents. The results showed that εCaprolactam provided high levels of protection against fungi and termites at fairly low retention
levels. The lower retention levels of ε-Caprolactam not only caused premature death to the
termites, but also poisoned them to the point of changing their natural behavior. Another
interesting property that was not studied but is worthy to be reported is that ε-Caprolactam
avoided surface molds in the treated samples that were part of the operational mass loss groups.
The high moisture content was appropriate to sustain growth, but the mold fungi developed only
on the untreated samples.
With regard to dimensional stability of the wood samples treated with ε-Caprolactam, it
was found that it was slightly less effective than PEG-1000. In addition to controlling shrinking
and swelling of wood, the distortion due to cupping is an important property that needs to be
addressed in dimensional stabilization studies. In this regard, the Radius reduction method
developed in this study is of interest. However, the data collected indicates that more studies are
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needed to improve this methodology. In this regard one possible approach that could be tested is
to perform the water exposure component of the test with the samples in the scanner glass. The
water will probably cause some light distortion in the area around the sample, but very likely it
will not affect the measurements of the samples’ curvatures. One possible problem with this
method is how to expose all of the samples at the same time, but a multichannel pipette (or a 3D
printed rig) can probably solve or minimize this issue.
The leachability studies showed that treatment of wood with a combination of furfuryl
alcohol and ε-Caprolactam is only slightly effective in controlling the leaching of ε-Caprolactam.
Consequently, other approaches to reducing the leachability of ε-Caprolactam from wood needs
to be explored. The optimum situation for this chemical probably would be use of a catalyst that
optimizes the conversion of ε-Caprolactam into nylon-6 at lower temperatures. With current
technology the reaction to open the ring and form the polymer occurs at about 260 °C. However,
a recent study published the development of a ε-Caprolactam to Nylon-6 polymerization
technique that operates at 70 °C using barium σ-borane complex as a catalyst, and this
methodology could be studied to make possible the polymerization inside the wood cells
(Bhattacharjee, Harinath, Sarkar, & Panda, 2019).
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CHAPTER II
DEVELOPMENT AND CONSTRUCTION OF AN APPARATUS FOR MONITORING
WATER VAPOR SORPTION AND DESORPTION AND RESULTANT
DIMENSIONAL CHANGES IN WOOD
2.1

Introduction
Starting in 1760, the Industrial Revolution changed drastically how our modern society

works. To a worldwide agrarian- and handicraft-based society, this process brought machines,
tools, and technologies that altered their sociology and their culture. New economic activity
professions were developed. Time started to become a currency. Human labor started to be more
valuable, and specialized jobs developed. Science was incorporated into industry, and the
development of new technologies accelerated. Over time newer technology is developed which
changes how society works. Mass-production, transportation, telecommunication, informatics
and technologies were and developed, co-developed, and inter-developed in industry over the
years.
All of the developed technology brought complexity to our lives. Complexity, though,
not necessarily means development. For example, if we compare any analytical technique that
can have its data processed by a computer in the 80s with another analytical technique that needs
computational power in the 2000s, both in the end produce the same results with the same
resolution, however we shouldn’t conclude that one is more developed than the other based
solely on these criteria. The time that these techniques require to produce their results is what
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will determine which one is the superior. Thus, a new technology should be evaluated and
classified in terms of the amount of time that it is capable of saving – or making: “time is
money”. Essentially, if any process can be automated, it should be. Human labor is used at
maximum efficiency when everything that could be performed by automatic means is removed
from their responsibility, and they only perform tasks that only a human can do.
Automation and its fruits are seen in all science fields. However, some fields are way
ahead than others. Cost of course is one of the reasons. Some fields, like diagnostic medicine,
have state-of-art equipment due to the high investment injected into this research area.
Computer science and artificial intelligence (AI) developments were recently combined to
improve the diagnostics of COVID-19 using X-rays imaging. Of course, the final diagnostic was
not performed by the AI, but it assisted the expert radiologists and greatly improved their
efficiency (Salman, Abu-Naser, Alajrami, Abu-Nasser, & Ashqar, 2020). X-ray imaging is not
new, neither is AI. They first appeared in our history in 1895 and 1957, respectively, and their
development never stopped. However, even being two advanced technologies, the combination
of them is what brought automation and time efficiency. This conceptual sequence can be used in
any research area, and there is a lot of opportunities for automation and time saving in wood
science research practices.
In 1972, Christen Skaar extensively reviewed several methods and analysis techniques
used in wood science (Skaar, 1972). Many of them dated back to the beginning of the 20th
century, and for most cases they are still performed the same way. Shared characteristics among
them are uncomplex procedures, task repetition, time consuming and highly labor intensive.
With automation, these methodologies can be improved in terms of time efficiency, reliability
and scaling of testing. An industrial report from Surface Measurement Systems describes the
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Dynamic Vapor Sorption device (DVS) that was mentioned previously. The company, that
created this device, originally developed it to evaluate pharmaceutic materials (Levoguer &
Williams, 2006). This probably is the reason for the disadvantages apparent with this device
when applications for wood science are considered, such as unicity of samples evaluated per run
and maximum RH of 95%. However, since this device performs a fully automated analysis, the
effort of creating such a device is worth mentioning. In contrast, another report shows a semiautomated device that was made specifically to perform wood vapor sorption analysis. This
device was developed with the objective of maintaining RH, temperature and air velocity
constant over long periods of time and follows the principle of avoiding environmental changes
as well as sample and air contamination. The test samples are moved inside the apparatus to and
from the weighting compartment with an electromagnet, and the balance is computer operated.
The device is capable of controlling and keeping the environment as set automatically, but its
main disadvantage is the fact that an operator must move the samples to perform data collection
(Wadsö, 1993). With regard to environmental control and automation for wood science analysis,
another paper reported an apparatus to automate the study of the anisotropy of wood, fiber
saturation point, and percentages of earlywood and latewood using image analysis and
recognition. To control the device and collect data, they developed software that focused on
speeding up the data collection by measuring several wood samples at the same time. In
comparison with standard lab procedures using a micrometer, it was found to be 2.15 times more
accurate (Milsted, Nicholas, & Venson, 2020). This new apparatus exhibited novelty and
provided accurate dimensional measurements when using the software. However, the apparatus’
RH and T sensor, as reported, lacked precision and therefore the data regarding moisture control
is not trustable for academic purposes. This apparatus also had the advantage of monitoring
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samples’ dimensions in situ providing better accuracy when compared to other methods where
samples are exposed to different environmental conditions during their evaluation. With the
same spirit of pursuing novelty and providing automatic equipment for wood science procedures,
this research focused on the study and development of an automatic method for wood
dimensional stability analysis (shrinkage and swelling curves due to moisture changes).
2.2

Objectives
The main objective of this study was to develop an improved method to facilitate the

automatic monitoring and the dimensional changes in wood at various moisture contents.
Specific objectives are to:
1. Develop and build an apparatus for monitoring water vapor sorption and
desorption and resultant dimensional changes in wood:
A.

Design and possibly build a hermetic chamber to hold the specimens and
the equipment that evaluates the wood;

B.

Design and/or select actuators that can control the relative humidity (RH)
and the temperature to obtain an EMC between 3% and, at least 28%;

2.3

C.

Design and possibly build a control panel that will control the actuators;

D.

Select sensors and/or transducers to perform the data collection;

E.

Validate the design and the actuators using a standard thermohydrometer.

Preliminary design and automation studies
Since the objectives include building a device for sorption/desorption studies, product

design studies were conducted to find the best shapes and sizes for the device. 3D prototyping
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techniques were performed, to study chamber shape, internal placement of elements (sensors,
actuators, etc.), feasibility, assemblage, manufacturing, and lab space usage, as well as
simulation of user interaction.
2.3.1

Apparatus shape design
To find the appropriate container shape and avoid undesired air pockets or air vortexes

that could interfere negatively to the accuracy of the RH and T measurements, and/or diminish
environmental response to changes made by the actuators, several 2D drawings and 2D flow
simulations were performed using a Flow Illustrator simulation tool (available at:
www.flowilustrator.com). The main objective was, as explained previously, to evaluate and
eliminate as much as possible air elements inside the chamber that could hold moist or dry air
and make the moisture control less efficient. The tool can only simulate flow from left to right,
so to overcome this limitation a different shape was designed that would just simulate the flow in
the top part of the chamber. Since the chamber is symmetric, it was considered that both parts
should have the same flow. Figure 2.1 shows the simulated flow after 5 seconds of simulation.
The image was edited for clarification purposes.
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Figure 2.1

2D flow simulation of the designed chamber made using Flow Illustrator tool.

The areas in green are counter clock-wise vortexes, and in red are clock-wise vortexes.
The areas in blue show that no vortexes were detected, and the snow-flakes (white dots) were
added just to help visualization of the flow. No static or semi-static vortexes were detected in this
simulation, and the flow on the top part, the most important section of this simulation, exhibits a
quasi-laminar flow that would be important for some sensors, such as balances, even though it
would be even better if any air flow is absent at the moment of weight collection.
SketchUp Make 2017 (available at: https://help.sketchup.com/en/downloading-olderversions) was used to draw the 3D objects, and several 3D printers were used to print the pieces
using ABS and PLA filaments. Three main designs were considered, namely horizontal version,
vertical version and modular vertical version. Figure 2.2 shows examples of 3D objects drawings
made in SketchUp and Figure 2.3 shows the two first designs (horizontal and vertical version)
that were studied. Figure 2.4 shows the second design, vertical version, in detail.
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Several of the virtual objects illustrated in Figure 2.2 are shown as real objects in Figures
2.3 and 2.4, and other thermoplastics (HDPE and PVC) were added to simulate acrylic/glass
walls feasibility, assemblage, manufacturing and lab space usage.

Figure 2.2

3D objects prepared for 3D printing for posterior design study.
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Figure 2.3

3D printed versions of the first two conceptual versions, horizontal and vertical.

Figure 2.4

Internal and external component arrangement for the second design, vertical
version.

Where: (A) is the scanner placed outside the controlled environment, (B) are linear transducers
(LVDT), (C) are balances and optical cameras, (D) are horizontal static air mixers, (E) are
vertical static air mixers, (F) are fans, (G) are the air dryer in the front and air humidifier in the
back (unseen), (H) are the air heater (back) and anti-microbial device (front), and (I) are the air
pumps connected to (G) devices.
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The first two concepts developed, horizontal and the vertical versions, were not built due
to their limitation regarding condensed water control. The main advantages of these versions
were the container unicity and the possibility of not having the scanner inside the container. The
main disadvantage for both was the final dimension of the apparatus and the consequent
transportation problems that it would cause. The third version, modular vertical version, was
developed with focus on transportation, condensed water control, expansibility, and internal
positioning of the scanner. Figure 2.5 shows the 3D object drawing of this modular version.

Figure 2.5

3D drawing of the vertical modular version with component locations.

Where: (A) is the scanner box, (B) is the equilibrium-weighting box, (C) is the transducers’ box,
(D) is the air conditioning box, (E) is the wheeled cart, (F) are the condensed water collector and
air-cooling water reservoir, (G) is the no-break, (H) are the air dryer and humidifier containers,
(I) is the control panel, (J) is the analytical balance (which is connected to (B)), and (K) are the
piping tubes (existing in other places as well).
69

To minimize the formation of static vortexes some pyramidal structures were added to
the internal corners of the boxes. Figure 2.6 shows an internal view where these structures can be
seen. To collect condensed water the boxes were designed with bottom and top surfaces at a 7degree angle related to the ground, resulting in a parallelogram shape. Due to the angular-shaped
bottom, a grate was added to the design to keep materials and equipment in perfect horizontal
positions. This structure is shown in Figures 2.6 and 2.7. Drains were added to the lowest bottom
corners of the boxes, behind the pyramidal structures. Figures 2.7 and 2.8 show the drain from
the top and bottom, respectively.

Figure 2.6

Left internal wall of box’s design – overall view.

The box’s door is at left, and at the wall are the fans. Above them, are the pyramidal structures
and below them is the grate that corrects the angular bottom surface.
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Figure 2.7

Left internal wall of box’s design – top view focusing on drain.

This picture shows the left internal wall of a box that is above the box shown in the previous
picture, to keep consistency. Fan placements alternate on side walls for every other boxes as
shown in Figure 2.5.
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Figure 2.8

Left internal wall of box’s design – bottom view focusing on drain.

In this concept, the boxes are auto-sealant when mounted, and they are interconnected
with hard PVC pipes due to their cleanliness and material solidity.
This third conceptual design was the one selected for further development. A simplified
version of the model was designed with only the control and scanner boxes, and their respective
equipment. This simplified structure was converted to a mesh file, then computational fluid
dynamics (CFD) was performed using ParaView software (available at:
https://www.paraview.org/download). The simulations were evaluated for the air flow and
behavior within the designed box outer shape. Figure 2.9 shows the mesh structure, and Figure
2.10 shows the pressure differential made by the fans placed inside the upper box (at left), which
are suctioning the air from the box into the pipes.
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Figure 2.9

3D mesh created from a simplified version of the designed apparatus containing
only the scanning box and the air treating box.

The fans are not shown in the figure. Their effect/action was created in ParaView using settings,
positioned at the extremities of the left pipes in the upper box. Fan flow was set at 35 cfm, a
standard value for computer fans with 12 cm diameter size.
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Figure 2.10

Graphic representation of the pressure inside the mesh, changed due to the fans’
effect.

The air velocity and direction viewed from the front of the boxes is shown in Figure 2.11.
It is noteworthy to evaluate the efficacy of the static air mixers using this simulation. The barrier
imposed by the vertical static mixer (first element at left in the bottom box) is distributing the air
up and down, and some air is being mixed by the horizontal static mixer – most of it is avoiding
the element. The slow air speed detected in the bottom box suggest that it may be desirable to
remove the static air mixers. Vortexes were detected in the upper box, but their centers are closer
to the main flow, probably due to the pyramidal elements. This proximity reduces their influence
in attenuating the moisture control, since more kinetic energy is available and exchanges occur
more frequently, reducing the moisture gradient and providing faster humidity stability.
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Figure 2.11

Graphic representation of the air flow inside the boxes from the side view.

The arrows depict the direction, and the colors represent the speed according to the legend.
The top view of the simulation is shown in Figure 2.12, showing only the flow in the
upper box. The top part of the scanner, and the wood samples, are at the top of the box.
Since there are no elements in the center of the box to create turbulence, the flow in the
center is almost linear. The air coming from the pipe in the back (seen in the center-top right)
goes to the pipe in the back (seen in the center-top left), and the same for the pipe in the front.
Due to the effect of the fans, the turbulence is considerable in the left side, and also vortexes
production. The vortexes exhibit a significant amount of kinetic energy, therefore they are not a
matter of concern.
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Figure 2.12

Graphic representation of the air flow inside the top box from the top view.

The arrows illustrate the direction, and the colors represent the speed according to the legend.
2.3.2

Rig for multiple sample scanning and weighting
Some studies, such as the one described in Section 1.6.3.2, are environmentally sensitive

and individual measurements cannot be taken without sacrificing accuracy. The planned studies
for this apparatus include tests and examinations where time in a different environment maculate
the results.
2.3.2.1

Design and conceptualization
To overcome the issues caused by the exposure time, or at least diminish their effects, the

concept of a mechanical device that holds the samples in all stages was developed. The objective
of this rig is to (1) facilitate sample scanning by maintaining the wood samples in a specific
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position for all the steps, and (2) speed the weight collection by placing all samples at the same
time on the balance. Lightweight and chemically stable materials should be used when
manufacturing this device, such as stainless steel or aluminum. Boards of this material should
keep sample holders. These holders should maintain samples position and orientation even
during rig movementation, and should not influence the wood anysotropic behavior in any way.
Springs should be added to the holders so the wood samples apply pressure against the scanner
glass and avoid out-of-focus imaging. Figure 2.13 shows the developed concept.

Figure 2.13

Conceptual sample holder developed to improve accuracy during the
scanning/weighting process
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2.3.2.2

Preliminary study for influence of the holder variation of sample dimensional
variation
Two approaches were tested to evaluate how to hold the samples in a support. The first

was using silicone to glue the holder to the center of a transverse face of the samples. The second
was securing the holder in a hole drilled in the center of a transverse face of the samples. For
each approach, two sets of six samples of southern yellow pine (Pinus spp.) were cut from two
different sticks for a total of 12 samples per test, with a total of six control samples per test. The
samples measured 25 × 25 × 10 mm (R × T × L). The amount of silicone used to glue the
samples was a drop with a diameter of about 7 mm and 2 mm high. The holes drilled in the
samples had a diameter of 4 mm and were 3 mm deep. The samples were exposed to two full
cycles of oven-drying and vacuum-soak wetting. Oven conditions were 103 ± 3 °C, and vacuum
was 10 min of 28+ mmHg followed by 30 min of soak time. The samples dimensions were
measured with a micrometer. For each approach the results were evaluated statistically using
ANOVAs comparing the control group versus the modified group. No statistical differences
were found. These tests suggest that the rig is feasible and worthy to be pursued for further
development.
2.3.3

Initial cost of the project
A prototyping company was contacted to estimate the cost of production of one unit of

the four boxes and piping connections. Special cart design and construction, electronics, and
software development were not considered for this cost estimate.
The company provided a project outline and cost estimate of:
•

between 90 and 104 hours of engineering hours;

•

between $ 17,550 and $ 20,280 dollars of engineering cost;
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•

between $ 15,000 and $ 17,000 dollars of prototype cost.

For a final price between $ 32,550 and $ 37,280 dollars. This high cost resulted in
modifications in the project design and building approach.
2.3.4

Chamber, actuators and overall equipment selection
The following sections present the selection of actuators and equipment, and the results

obtained during their testing. Some concepts presented in the preliminary design studies were
also tested and presented.
2.3.4.1

Silica gel and water fog generator as environment control actuators test
A vertical cabinet desiccator was modified to be used as an environmental chamber: a fan

was placed inside, extra walls were added to control the direction of the air flow, 4 mm diameter
orange indicating silica gel beads were used as drying agent, and an ultrasonic water fog
generator was used as the air humidifier. No active temperature control was added, the box was
covered with polystyrene foam to provide some degree of insulation.
When used to saturate six untreated southern yellow pine wood samples measuring 25 ×
25 × 10 mm (R × T × L), the average EMC value obtained for the wet cycle was 33.4% and for
the dry cycle the wood sample EMC was 2.6%. These tests confirmed the capabilities of these
techniques to saturate the samples to a value in the region of the FPS, and to dry the samples to a
value quite close to zero % without using heat – a desirable resource when volatiles matter.
To maximize the efficiency of the silica gel and make it absorb water faster than the
common usage of desiccants (usually described as a simple placement of the desiccant agent
inside the desiccator), a simple fish tank diaphragm pump was placed inside the desiccator along
with a double container with silica gel. The air pump collected air from the desiccator and
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inserted it on the bottom of the external container (intake), which included the internal container
with small holes at the bottom and top (outtake), maximizing the surface area bead-air
interaction, and consequently making it more efficient.
The insertion of the ultrasonic fog generator inside the box produced extreme amounts of
condensed water. This event required a change in the placement of the samples inside a container
with very high RH environment. Since the contact of the samples and liquid water must be
avoided the samples should have minimal contact area with any support surfaces.
2.3.4.2

Wheeled cart, programmable control panel, external actuators development,
hermetic container and samples’ support
After testing the functionality of the actuators and their capabilities were screened, a

prototype version was developed. An Arduino prototyping board model MEGA was used to
receive the embedded software and control all the pieces in the control panel based on values
received from a DHT22 RH and T sensor. This board can be programmed easily using an open
source IDE called Arduino IDE (available at: https://www.arduino.cc/en/software). The control
panel parts are: 10 A circuit breaker, powered switch, 15 A distributors, 12 VDC power supply,
Arduino MEGA board, Arduino MEGA screw terminal shield, 5 VDC relay modules, 12 V
PWM shields and 12 V fans. Figure 2.14 shows the constructed control panel.
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Figure 2.14

Control panel developed for testing the embedded software.

The reason for developing this control panel was to visualize the functionality and test the
embedded software. The purpose of the fans on the panel was to represent the direction of the
flow (CW/CCW) in case the final version had this capability of changing air flow direction. The
relays were connected to LEDs to light them and simulate operation of the four equipment
components (air dryer, air humidifier, air heater and the anti-microbial device (AMD)). The red
boards located at the center-top are not PWM shields, making it impossible to control the speed
of the fans, but does allow each fan to be turned on/off.
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After the development of the embedded software, the control panel was connected to the
environment control actuators, namely, air heater, dryer and humidifier. A lab cart was selected
to be the structure to hold all the equipment, and several containers were used to locate the
actuators on the bottom shelf of the lab cart while the control panel, heater and the hermetic
container were placed on the top shelf. Figure 2.15 shows the prototype.

Figure 2.15

Wheeled lab cart with control panel, hermetic container and actuators.

The electrical wiring between the relays and the 110 VAC output is not shown in this picture.
They were added later.
The air heater at the top heats the air inside the hermetic chamber by heating part of the
walls. The air connections in this prototype makes it a closed system. The two identical hermetic
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containers at the bottom shelf have an air pump for each one, and they are connected to the
hermetic chamber by hoses. The output of each pump is connected to an actuator to dry or to
humidify the air passing-by, and the output of each actuator is connected to the hermetic
chamber through hoses. Using air pumps to control the air circulation through the actuators
provides more accuracy when controlling the injection or removal of humidified air.
2.3.4.3

Prototype testing
To test the prototype a sorption test was conducted. This experiment aimed to test the

device regarding the consequential changes to the EMC of 24 untreated wood samples due to the
usage of the drying and humidifying actuators. Prior to the experiment, the apparatus was tested
with regard to the capabilities of keeping a constant temperature since the sensor used was a nonscientific grade ASAIR DHT22 RH and T sensor. A calibrated Fisher Scientific Fisherbrand
Humidity and Temperature Data Logger was used as reference. Figure 2.16 shows a 17-minute
log showing the temperature change when the device was set from 25 to 30 °C.
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Figure 2.16

Plot of temperature recording logs for Fisher datalogger versus ASAIR DHT22.

When in a plateau, the difference in temperatures obtained by the DHT22 and the Fisher
was ± 0.24 °C. When in a curve, the DHT22 was reading values above the values from Fisher,
and the highest detected difference was 1.16 °C. These values were considered appropriate for
the experiment since the DHT22 sensor would have sufficient accuracy to maintain a constant
temperature.
The experimental samples were cut from three different sticks of southern yellow pine
sapwood (8 samples per stick) measuring 19 x 19 x 5 mm (R x T x L0. The properties of the
sticks were variable showing different densities, ring widths and number of rings. Prior to the
test, the samples were oven dried at 103 °C and their weights were recorded. Then, the samples
were inserted into the hermetic container on a support to avoid contact with any flat surface that
could condense water and invalidate the experiment. This sample support consisted of several
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stainless-steel push pins and a strip of acrylic board. The samples were mounted on the board by
piercing the radial surface with the pins as shown in Figure 2.17.

Figure 2.17

Sample support made of stainless-steel push pins and acrylic.

In the first step, the Arduino board was programmed to keep the fan and the one actuator
system powered all the times and also maintain a selected temperature for 24 hours by turning on
the heater when necessary. Each step lasted for 24 hours. The first step was the humidifying
cycle at 22 °C, and the second step was the drying cycle at 25 °C. The samples reached
equilibrium and their weights were recorded after each step. The EMC of the samples was
calculated based on the oven-dried weights. Table 2.1 shows the results of this initial experiment.
Table 2.1

Final EMCs obtained for wet and dry steps when testing the prototype.
Stick group
Average for Stick 1
Average for Stick 2
Average for Stick 3
Overall Average

Step 1 - EMC (%)
35.49
34.32
39.05
36.29
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Step 2 - EMC (%)
2.95
2.78
3.02
2.92

Peirce published a study where the EMC can be used to predict the RH in the
environment that cellulose was exposed (Peirce, 1929). Simpson tested several methods to
predict EMC of wood and stated that, when using EMC to predict RH, Peirce’s model provided
the best fit (Simpson W. T., 1973).
Using the constants provided by Simpson for Peirce’s model, the final average EMCs
were used to calculate the RH within the chamber. Table 2.2 shows the results of these
calculations.
Table 2.2

RHs obtained from EMC values following Peirce’s model after each step.
Stick group
Average for Stick 1
Average for Stick 2
Average for Stick 3
Overall Average

Step 1 - RH (%)
99.43
99.29
99.72
99.48

Step 2 - EMC (%)
11.24
10.34
11.63
11.07

These results demonstrated that the designed actuators can be used to control an
environmental chamber. They are capable of allowing the wood samples to reach low EMCs
without using heat and reach EMCs values closer to the FSP. Drying without heat is a useful for
samples treated with chemicals sensitive to temperature. Furthermore, humidifying samples
without direct contact with liquid water is useful when the samples are treated with water-soluble
chemicals that could leach during a common water-exposure saturation process.
2.4

Construction of an improved full scale apparatus
The apparatus was designed based on the prototype, but with more functions and

technical details. The following sections explain the parts and designs and also show the
assembled apparatus. The apparatus developed using principles of Agile Product Engineering: at
the conclusion of each step, it was immediately tested and reviewed, and the interactions
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between the new resource with the already implemented ones were also tested and reviewed.
This approach demanded some modifications in the project on the go. Therefore, the texts and
pictures on the following sections are not totally chronological.
2.4.1

Main structure, boxes and piping
To maintain the concepts of transportation and vertical boxes interconnected, a wheeled

stainless-steel wire shelving unit with six shelves was modified to be the support for the boxes
and the other equipment. Four 54 Quart / 51 L polypropylene gasket-sealed boxes with latches
were placed on the shelves, and 10 cm diameter holes were cut out of their smaller vertical walls.
Inside each hole, a PVC flange was connected tightly, and clear silicone was applied to seal and
provide extra fixation. 120 mm 12 VDC fans were attached to the flanges on alternating sides.
White flexible PVC duct hoses were attached to the flanges. Figure 2.18 shows the initial
assemblage concept (left), and the boxes with the flanges (right).
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Figure 2.18

2.4.2

Main structure and boxes positioning (left) and boxes with fans and boxes (right).

Environmental control panel conceptualizing
A panel specifically for the environmental control was designed. It was connected to the

actuators and is controlled by the main control panel which holds all the electronics. The initial
idea for this panel was a monitoring panel where the user can visualize which equipment is
active, and if any intervention is necessary. Interventions would be, e.g., adding more water or
changing the silica-gel due to saturation.
Transparent Schedule 40 PVC pipes were used where internal monitory are necessary.
Opaque PVC pipe connections were used in other connections. The pipes were attached to the
back of the panel using flexible couple fittings accordingly to the diameter of each connection.
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The concept developed in the prototype described in Section 2.3.4 was maintained: it is a
closed system, where the air is pumped from the main environment to the specific actuator which
will add or remove moisture from the air, and then the treated air is delivered back to the main
container. The air dryer actuator is composed of an air pump, hoses, and a reservoir of silica gel.
The air humidifier actuator is composed by an air pump, hoses, a reservoir of water and an
ultrasonic fog generator. Both systems also have circulation indicators to show that the air is
circulating in that particular actuator.
The apparatus also incorporates an air cooler into the system. This air cooler is made of
two Peltier plates connected to two kinds of heatsinks, one which interacts with air through the
action of fans, and one which interact with liquid water. A metallic water reservoir was added to
the panel to both hold the water and dissipate some of the heat, and a circulation indicator was
added to this system.
Figure 2.19 shows the conceptualized obverse side and reverse side of the panel.
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Figure 2.19

Digital concept of the environmental control panel.

The reverse side of the panel is shown at the left, and the obverse at right.
2.4.3

Electronics control panel conceptualizing
The electronics control panel was designed following to the maximum extent the

International Electrotechnical Commission – IEC 60439-1 (IEC, 1996) and IEC 61439-2 (IEC,
2011) standards, and the previous mentioned Arduino board was also incorporated. A Raspberry
Pi 3 model B+ board computer was added to provide more control for the user, and it is
connected to a 7” IPS LED capacitive screen. The panel was designed with three different
voltages: 5 VDC, 12 VDC and 127 VAC. 5 VDC circuit and components such as relays and
PWM boards are powered by the Arduino board, that is powered by the 12-7.5 VDC power
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converter. The power converter, air heater, air cooler, water pump, and the 12 VDC fans are all
powered by the 12 VDC power supply. The 127 VAC equipment such as fog generator, air
pumps, water cooler, and A.M.D. are activated by relays that commutes the 127 VAC power.
Figure 2.20 shows the physical organization of the elements in the front of the panel, and Figure
2.21 shows the organization in the back. When designing this panel, easy maintenance was also a
focus. This is the main reason why common outlets and 12 VDC car fuses were used to make
this panel, beyond other components easily found on online stores. The interconnection diagram
of the control panel is in the appendix.
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Figure 2.20

Physical organization and elements distribution of the Electrical Panel’s obverse
side.
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Figure 2.21

Physical organization and elements distribution of the Electrical Panel’s reverse
side.
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2.4.4

Environmental and electrical control panels assemblage
The panels were assembled on plywood, following the schematics prepared during their

conceptualization. Figure 2.22 shows the front and back of the environmental panel, already
mounted in the support along with the boxes and all the hoses and electrical connections to the
pump, and pumps’ fan. A second water reservoir and two fan-based heat exchangers were added
to improve the effectiveness of the Peltier air cooler.
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Figure 2.22

Assembled environmental control panel.

The back of the panel is shown on the left, and front panel at the right.
Regarding the electrical control panel, Figure 2.23 shows the front and back of this panel,
which is already mounted on the main support. Not all connections are shown in the back of the
panel for clarification purposes.
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Figure 2.23

Assembled electrical control panel.

The back of the panel is shown at the left, and the front at the right.
2.4.5

Environmental control box, thermo-hygrometer and scanning box
The environmental control box is the bottom one and holds three components: air heater,

air cooler and ozone generator module, which contains a fan for better ozone distribution, and
two LEDs – amber and blue. The blue LED will be activated when ozone is being generated, and
the amber LED will be activated to signal that the boxes still contain ozone and should not be
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opened. The environmental box also has the connections with the air pumps and the return from
the air dryer and air humidifier actuators. Figure 2.24 shows the box and its components.

Figure 2.24

Environmental control box.

The equipment in this box are, from the left: ozone generator module, air cooler, air heater. The
holes above the electrical connections in the back wall are the hoses which connect to the air
dryer and humidifier actuators.
The developed thermo-hygrometer module has two DS18B20 digital temperature sensors,
one is a dry bulb and one covered with a cotton wick connects to a DI water reservoir. A 3D
printed case was placed over the wet bulb sensor, to avoid releasing moisture when the chamber
was set to operate at low RH environments. This case is controlled by a stepper motor connected
directly to the Arduino board that opens and closes when necessary. This device also has a high
speed 12 VDC fan to improve the reading time of the device. Figure 2.25 shows the assembled
module.
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Figure 2.25

Electronic thermo-hygrometer module.

The module is assembled on the top of a hermetic DI water container. (A) is the dry bulb
thermometer, (B) is the fan, (C) is the 3D printed case for the wet bulb thermometer, (D) is the
stepper motor that closes and opens the case, and (E) is the wet bulb thermometer covered with a
cotton wick.
The scanning box, in theory, can be any box where the scanner can be placed. This is
valid for any other sensor that can be placed in this apparatus. The second box was selected to
hold the scanner, and a sealable connection was made to pass the USB cable from the outside
and connect to the scanner. The scanner was covered in an autoclave bag and the bag was tightly
closed with a zip tie. Figure 2.26 shows the scanner in the scanning box.
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Figure 2.26

2.4.6

Scanning box detailing the cover (autoclave bag) protecting the scanner.

Boxes and hoses insulation, drain system, and angular grates

To improve heat control in the apparatus, all boxes had four faces covered with 14 mm
polystyrene foam boards, and the hoses were wrapped with 8 mm tall bubble wrap. Minimal
holes were cut on the boards to wire the electronics. Figure 2.27 shows an insulated box and two
insulated hoses as examples of what was applied to all boxes and hoses.
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Figure 2.27

Insulation materials applied to improve heat control in the apparatus’ chambers.

The picture at left shows the pipe connections wrapped with two layers of bubble wrap, and the
picture at right shows the foam panels around one box.

Drains were installed in the bottom center of the boxes to collect all the condensed water. These
drains are connected to hoses, and the hoses have a one-way valve at their end to avoid air
contamination. They deliver all the condensed water to a reservoir at the bottom shelf. Figure
2.28 details the hose connection to the box drain.
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Figure 2.28

Close picture of the drain system in one of the boxes.

A thin aluminum mesh was used to make the surface of the angular grates inside the boxes.
These grates bring a horizontal surface to keep the materials upright. Due to the flexibility of the
mesh, supports were made to bring firmness to the structure. Figure 2.29 shows one of the
angular grates used in this apparatus.
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Figure 2.29

2.5

Picture of the angular grate inside one box.

Raspberry Pi programming, digital screens and data protection
Several programming languages were used to setup the Raspberry Pi system, such as

Python, HTML, and TypeScript. Angular framework was used to create the screens presented.
The Raspberry Pi board communicates with the Arduino board using Serial communication
through native serial ports in each board.
The Raspberry Pi board was set as a webserver running both locally and in the network.
Running locally, it can generate a control panel using the installed browser. With network
connection, it is able to receive commands and interactions from the computers in the same
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network. Three screens were made for this component of the development, since the apparatus is
still not fully automated and cannot scan the samples by itself. Figure 2.30 shows the
main/startup screen.

Figure 2.30

Control panel main/startup screen.

In the main/startup screen, users can select to use manual mode or automatic mode. The
difference between these two modes is that on manual mode only one system can be activated at
a time. For example, is not possible to heat and dry at the same time. Automatic mode keeps the
conditions the user defines, using all systems according to needs. Figure 2.31 shows the manual
mode setup screen, and Figure 2.32 shows the automatic mode setup screen.
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Figure 2.31

Control panel manual mode screen.

In this screen the operator can activate separated systems at a given time and can toggle the
option for monitoring RH while a system is active. This option activates the thermo-hygrometer
along with the selected system.
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Figure 2.32

Control panel automatic mode screen.

In this screen the user can set specific air temperature, relative humidity and air speed inside the
chamber. Monitoring RH is always active in this mode since it uses the current value to
determine if any new system should be activated, therefore the hygrometer is always active in
this mode too.
As part of data redundancy and loss protection, all boards do not save their data in
internal storage. Everything is externally accessible via SD card readers. Figure 2.33 shows the
SD card of each board, and an example of SD card reader that can be used to recover/access the
stored data.
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Figure 2.33

SD card positions in Raspberry Pi board and in SD card module for Arduino.

The operator can easily access the SD cards without using any tools. The operator is also safe
when accessing the cards since these areas are located far from high voltage connections.
2.6

Finished Apparatus
Figure 2.34 shows the assembled apparatus.
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Figure 2.34

Finished apparatus for monitoring water vapor sorption and desorption.
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2.7

Apparatus - Simple Version
Since the prototype worked satisfactorily, and lots of extra parts bought to assemble the

final apparatus were available, a second apparatus was built. This one has no temperature
control, and only three modes can be activated: ventilation only, drying and humidifying. A
simple electrical control panel was built for this apparatus, and it is shown in Figure 2.35. This
control panel also designed following the principles of easy maintenance and parts replacement.

Figure 2.35

Electrical control panel built for the simple version of the apparatus.

Ventilation is activated when the apparatus is turned on using the red button. To activate the
drying system or humidifying system the operator must activate the respective switch. There is
no protection against simultaneous activating of both systems.

This version also has a condensed water collecting system, with intakes located at the
bottom of the box, and angular surfaces to aid the collection. This feature was not present in the
prototype version showed in Section 2.3.4.3. The hoses connected to the intake connections have
one-way valves to avoid air contamination. Figure 2.36 shows the simple apparatus. This
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apparatus also has a thin aluminum mesh to hold the samples and avoid contact with liquid water
when humidifying.

Figure 2.36

Side and front view of the simple version of the apparatus.

The same actuators used in the prototype described in Section 2.3.4.3 are used in this simple
version of the main apparatus. At the bottom of the left side picture, from left to right, are the
condensed water collection container, air pumps for both actuators, drying actuator silica gel
container and, behind it, a humidifying actuator water container with the fog generator. The
right-side picture focus more on the top section of the apparatus. At the top it shows the main
chamber with the fan and thin mesh inside, and at center the electrical control panel.
2.8

Apparatus calibration
A calibrated Thermoworks reference thermometer model THS-222-555 was used to

calibrate the two DS18B20 thermometers used to make the hygrometer. The three thermometers
were exposed to three different temperatures using a reflective vacuum glass insulated container,
and their temperatures were recorded. The three sensors were close to each other, but not
touching, and they were agitated inside the solution during the recording time. The three
temperatures were 0 °C (using DI water and crushed ice), 25 °C (DI water) and 50 °C (DI water).
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These temperatures were selected to calibrate the digital thermometers in the selected work
range: 15 – 35 °C.
The absolute error for the dry bulb temperature sensor was 0.327 °C, and the difference
between the absolute errors of the dry bulb and wet bulb temperatures was 0.065 °C. The
resolution of these two sensors is 0.0625 °C, according to the manufacturer and verified during
the calibration test, and their reported thermal drift is ± 0.2 °C. The Thermalworks reference
thermometer error reported in the calibration sheet was 0.006316 °C. All these values were
combined by root mean square to find a final uncertainty of ± 0.176 °C.
The formulae used to calculate the RH with the values provided by both thermometers
are the ones provided by Buck (1981), following the procedure described by Huang et al. (2013).
After calibrating the temperature sensors, the apparatus was tested by setting four
different RH values at 25 °C: 30%, 60%, 90% and 100%. For reference, two NIST calibrated
OMEGA OM-92 temperature/humidity data loggers were used. The maximum allowed time for
each stage was 10 minutes. When drying starting at room conditions (RH of ~50%), the
apparatus was not able to reach the selected RH during the time that was selected. When
humidifying, the time is adequate to reach a plateau. The test collected 240 points over a 40 min
test. Regarding the dry bulb temperature, the test reported an average error of -0.73 °C and a
standard deviation of 0.16 °C. Regarding the RH, the report showed an average error of 8.47 %
and a standard deviation of 2.41 %. Figures 2.37 and 2.38 show plots with the values recorded by
each device.
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Figure 2.37

Plot of RH recordings collected by the thermo-hygrometer and the data logger.

Figure 2.38

Plot of temperature recordings collected by the thermo-hygrometer and the data
logger.
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The calibration test pointed out the necessity of further investigation regarding the RH
calculation, since the average temperature error is acceptable. It is also necessary to check the
influence of the casing used to protect the wet bulb sensor since the air flow could be slowed and
the values were not appropriate according to Buck’s constants. The wet bulb thermometer wick
thickness and composition should also be investigated. Psychrometric techniques are hard to fine
tune, but since the temperatures are within an acceptable accuracy range, a better RH calculation
is feasible with more studies.
2.9

Apparatus final cost
The grand total cost of products bought in designing and building the main apparatus was

$ 2,091.00 dollars. The parts used to build the final version of the apparatus was $ 1,588.00
dollars, and components worth $ 96.00 dollars were reallocated to build the simple version.
Some products were bought and tested and did not achieve the expected results. They were not
used for this project and were saved for other applications. Their total value was $ 407.00. A
spreadsheet with all parts bought and other information regarding usage/destination is in the
appendix.
2.10

Conclusions
In this research, improved methods for evaluating chemicals that impart dimensional

stability to wood were developed. This included:
•

Measurement of wood sample dimensions using a scanner which was shown to be
more accurate than mechanical calipers;

•

Development and construction of an apparatus that allows the development of
automated monitoring water vapor sorption and desorption;
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•

Development of a novel method for evaluating checking of wood;

•

Development of a novel method for evaluating cupping of wood.

The hardware for the apparatus that monitors water vapor sorption and desorption was
fully developed but further studies on the RH calculation method and development of specialized
software are recommended to achieve maximum capabilities of this apparatus. With new
software, along with more measurement’s accuracy, capabilities such as Internet of Things,
Remote Monitoring and Control and server integration can be developed due to the capabilities
of the Raspberry Pi board. Furthermore, Industry 4.0 concepts could be implemented.
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APPENDIX A
T-TEST REPORT FOR RADIUS REDUCTION METHOD
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Table A.1

SAS report - T-Test report for radius reduction analysis (variable RADIUS_RED).

GROUP Method
N
Mean Std Dev Std Err Minimum Maximum
1
10 4.9601 2.6780 0.8469
2.0814
11.0114
2
12 6.7531 5.7090 1.6481
0.2051
14.5016
Diff (1-2) Pooled
-1.7930 4.5993 1.9693
Diff (1-2) Satterthwaite
-1.7930
1.8529

GROUP Method
Mean
95% CL Mean
Std Dev 95% CL Std Dev
1
4.9601 3.0444 6.8758 2.6780 1.8420 4.8890
2
6.7531 3.1258 10.3805 5.7090 4.0442 9.6932
Diff (1-2) Pooled
-1.7930 -5.9009 2.3149 4.5993 3.5187 6.6417
Diff (1-2) Satterthwaite -1.7930 -5.7172 2.1311

Method
Variances
DF t Value Pr > |t|
Pooled
Equal
20
-0.91 0.3734
Satterthwaite Unequal
16.196
-0.97 0.3474

Equality of Variances
Method Num DF Den DF F Value Pr > F
Folded F
11
9
4.54 0.0309
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Figure A.1

SAS report – plot with distribution for radius reduction analysis.
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Figure A.2

SAS report – Q-Q plots for radius reduction analysis.
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APPENDIX B
OPTICAL MICROSCOPY AND SCANNING ELECTRON MICROSCOPY OF PEG-1000
AND E-CAPROLACTAM TREATED WOOD SAMPLES - RADIAL VIEWS
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Figure B.1

Control sample – radial view with polarized light at 0°.

Figure B.2

Control sample – radial view with polarized light at 90°.
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Figure B.3

Control sample – radial view with SEM magnification of 170x.

Figure B.4

Control sample – radial view with SEM magnification of 500x.
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Figure B.5

PEG-1000 treated sample – radial view with polarized light at 0°.

Figure B.6

PEG-1000 treated sample – radial view with polarized light at 90°.
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Figure B.7

PEG-1000 treated sample – radial view with SEM magnification of 130x.

Figure B.8

PEG-1000 treated sample – radial view with SEM magnification of 300x.
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Figure B.9

ε-Caprolactam treated sample – radial view with polarized light at 0°.

Figure B.10 ε-Caprolactam treated sample – radial view with polarized light at 90°.
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Figure B.11 ε-Caprolactam treated sample – radial view with SEM magnification of 200x.

Figure B.12 ε-Caprolactam treated sample – radial view with SEM magnification of 500x.
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APPENDIX C
ELECTRICAL CONTROL PANEL INTERCONNECTION DIAGRAM
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Figure C.1

Section A of the electrical control panel interconnection diagram.
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Figure C.2

Section B of the electrical control panel interconnection diagram.
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Figure C.3

Section C of the electrical control panel interconnection diagram.
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Figure C.4

Section D of the electrical control panel interconnection diagram.
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Figure C.5

Section E of the electrical control panel interconnection diagram.
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APPENDIX D
DETAILED LIST OF PARTS, COSTS AND PART DESTINATIONS
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Table D.1

Item description, individual value, and destination.
Product

Aquarium air pump
USB microscope
Mist maker
Aquarium air valve kit
Pack of silica gel
Photographic scanner Epson
Arduino proto shield
Weight sensor 0-100g
Weight converter for weight
sensor
MOS PWM for Arduino kit
Relay shield for Arduino kit
Jumper wires kit
Screw terminal bar kit
12V power supply
Circuit breaker 10A kit
Lighted rocker switch
Linear displacement
transducer
50 x 10 fan
PCB spacer kit
120mm fan kit
RJ45 wall connector
12V power supply with
connector
AM2320 Humidity and
temperature sensor
Case for Raspberry Pi +
power supply
SD Card Class 10 32 gb (for
Raspberry Pi)
Raspberry Pi 3 B+
1 foot USB cable
Multimeter
Soldering kit
Micro cutter pliers
Third hand soldering tool
DHT22 Humidity and
Temperature sensor

Quantity

Price

Total

Destination

3
2
2
1
1
1
1
1
1

$
$
$
$
$
$
$
$
$

7.00
70.00
11.00
6.00
13.00
190.00
22.00
9.00
6.00

$
$
$
$
$
$
$
$
$

21.00
140.00
22.00
6.00
13.00
190.00
22.00
9.00
6.00

Disqualified
Disqualified
S. Apparatus
M. Apparatus
M. Apparatus
Disqualified
M. Apparatus
Disqualified
M. Apparatus

1
2
1
2
1
1
1
2

$
$
$
$
$
$
$
$

10.00
8.00
6.00
13.00
19.00
12.00
6.00
46.00

$
$
$
$
$
$
$
$

10.00
16.00
6.00
26.00
19.00
12.00
6.00
92.00

M. Apparatus
M. Apparatus
Disqualified
S. Apparatus
M. Apparatus
S. Apparatus
S. Apparatus
M. Apparatus

2
2
3
4
1

$
$
$
$
$

9.00
8.00
12.00
8.00
8.00

$
$
$
$
$

18.00
16.00
36.00
32.00
8.00

M. Apparatus
M. Apparatus
M. Apparatus
M. Apparatus
M. Apparatus

4

$

4.00

$

16.00

Disqualified

1

$

17.00

$

17.00

M. Apparatus

1

$

8.00

$

8.00

M. Apparatus

1
2
1
1
1
1
4

$
$
$
$
$
$
$

40.00
1.00
13.00
20.00
9.00
23.00
2.00

$
$
$
$
$
$
$

40.00
2.00
13.00
20.00
9.00
23.00
8.00

M. Apparatus
Disqualified
M. Apparatus
M. Apparatus
M. Apparatus
M. Apparatus
Disqualified
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Table D.1 (continued)
Product
Ozone generator
Aluminum head push pins
Industrial grade air pump
65L/min
Flow indicator
8" long 2 inch diameter
schedule 40 stainless steel
pipe
8' long 3/4" diameter
schedule 40 clear PVC pipe
30" long 4" diameter schedule
40 clear PVC pipe
Gasket box kit
Capacitive Screen for
Raspberry Pi
MicroSD module for Arduino
16 Gb MicroSD card
1/2" to barbed connection
schedule 40
2" cap schedule 40
2" x 2" x 3/4" Schedule 40
2" Sch 40 PVC 90 Elbow
2" x 2" Flexible PVC
Coupling
2" x 3/4" Sch 40 PVC
Reducer Coupling
3/4" Sch 40 PVC 90 Elbow
3/4" Sch 40 PVC Cap
3/4" Schedule 40 PVC Tee
3/4" x 1/2" Schedule 40 PVC
Reducer Bushing
3/4" x 3/4" Flexible PVC
Coupling
4" x 2" DWV PVC Reducer
Fitting
6 Shelf Wire Shelving Unit
White Flexible PVC Vinyl
Vent Duct Hose
Adjustable 3-6.5mm Cable
Gland Joint with Gaskets kit

Quantity
1
1
2

$
$
$

Price
22.00
5.00
40.00

$
$
$

Total
22.00
5.00
80.00

Destination
M. Apparatus
Disqualified
M. Apparatus

3
1

$
$

14.00
17.00

$
$

42.00
17.00

M. Apparatus
M. Apparatus

1

$

13.00

$

13.00

M. Apparatus

1

$

35.00

$

35.00

M. Apparatus

1
1

$
$

59.00
49.00

$
$

59.00
49.00

M. Apparatus
M. Apparatus

1
1
6

$
$
$

12.00
8.00
0.70

$
$
$

12.00
8.00
4.20

M. Apparatus
M. Apparatus
M. Apparatus

1
3
2
2

$
$
$
$

0.60
1.50
1.10
3.60

$
$
$
$

0.60
4.50
2.20
7.20

M. Apparatus
M. Apparatus
M. Apparatus
M. Apparatus

10

$

2.20

$

22.00

M. Apparatus

12
3
1
6

$
$
$
$

0.20
0.20
0.30
0.20

$
$
$
$

2.40
0.60
0.30
1.20

M. Apparatus
M. Apparatus
M. Apparatus
M. Apparatus

6

$

4.50

$

27.00

M. Apparatus

2

$

6.00

$

12.00

M. Apparatus

1
1

$
$

115.00
14.00

$
$

115.00
14.00

M. Apparatus
M. Apparatus

1

$

9.00

$

9.00

M. Apparatus
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Table D.1 (continued)
Product
Adhesive Cable Wire Clips
kit (smaller diameter)
Adhesive Cable Wire Clips
kit (bigger diameter)
USB cable 6ft
2in x 3/4in reducer
12V Peltier plate air cooler
12V water pump
Push-connect pneumatic
elbow kit
50ft 12 AWG wire cable
66ft 20 AWG wire cable
12 AWG black ferrule kit
Buzzer Module for Arduino
kit
Crimping tool
20 AWG wire header
connector kit
12V 100W air heater Module
DS18B20 Digital temperature
sensor
Small Heatsink Kit
30mm Fan 12V Kit
USB Hub with power adapter
40 Pin Female Pin Header Kit
6A Circuit Breaker
USB Male to USB Female
Mount Extension
MQ131 Ozone sensor
DC Power converter 12V to
5V
80mm Fan Kit
Servo motor kit
Miniature LED beacon
Epson - Perfection V39
Scanner
Plastic box
3/4 sch40 coupling
3/4 sch40 cap
Oatey PVC pipe cleaner

Quantity
1

$

Price
8.00

$

8.00

Destination
M. Apparatus

1

$

12.00

$

12.00

M. Apparatus

1
3
1
1
1

$
$
$
$
$

6.00
2.20
68.00
21.00
17.00

$
$
$
$
$

6.00
6.60
68.00
21.00
17.00

M. Apparatus
M. Apparatus
M. Apparatus
M. Apparatus
M. Apparatus

1
1
1
1

$
$
$
$

16.00
7.00
7.00
7.00

$
$
$
$

16.00
7.00
7.00
7.00

M. Apparatus
M. Apparatus
M. Apparatus
M. Apparatus

1
1

$
$

23.00
12.00

$
$

23.00
12.00

M. Apparatus
M. Apparatus

1
2

$
$

27.00
10.00

$
$

27.00
20.00

M. Apparatus
M. Apparatus

1
1
1
1
1
1

$
$
$
$
$
$

8.00
9.00
47.00
6.00
8.00
9.00

$
$
$
$
$
$

8.00
9.00
47.00
6.00
8.00
9.00

M. Apparatus
M. Apparatus
M. Apparatus
M. Apparatus
M. Apparatus
M. Apparatus

1
1

$
$

30.00
13.00

$
$

30.00
13.00

M. Apparatus
M. Apparatus

1
1
2
1

$
$
$
$

14.00
9.00
3.00
89.00

$
$
$
$

14.00
9.00
6.00
89.00

M. Apparatus
M. Apparatus
M. Apparatus
M. Apparatus

1
6
1
1

$
$
$
$

10.00
0.40
0.70
8.00

$
$
$
$

10.00
2.40
0.70
8.00

Disqualified
M. Apparatus
M. Apparatus
M. Apparatus
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Total

Table D.1 (continued)
Product
8-32 screw kit
#8 hex nut kit
#12 washer kit
3x4 Oatey cleaner flange
3/4 sch40 tee
Hose clamp 4"
15A power cord
Fork terminal
White electrical tape
3 way toggle switch
2 holes electrical plate
4 holes electrical plate
PVC electrical box 4 holes
PVC electrical box 2 holes
Zip ties
3/4 PVC valve
1/2" hose clamp kit
3/8" hose clamp kit
Screws, washers and screw
nuts

Table D.2

Quantity
2
1
1
8
1
8
2
1
1
1
1
1
1
1
1
1
1
1
1

Price
1.70
2.30
2.30
3.60
0.60
2.00
2.00
4.00
4.00
8.50
1.30
1.60
5.70
5.10
4.00
3.00
7.00
8.00
8.50

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$

3.40
2.30
2.30
28.80
0.60
16.00
4.00
4.00
4.00
8.50
1.30
1.60
5.70
5.10
4.00
3.00
7.00
8.00
8.50

Grand total:

$

2,091.00

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$

Total

Total cost per destination.
Destination
Main Apparatus:
Simple Apparatus:
Disqualified:

$
$
$
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Total
1,587.80
96.20
407.00

Destination
M. Apparatus
M. Apparatus
M. Apparatus
M. Apparatus
M. Apparatus
M. Apparatus
S. Apparatus
S. Apparatus
M. Apparatus
S. Apparatus
S. Apparatus
S. Apparatus
S. Apparatus
S. Apparatus
M. Apparatus
M. Apparatus
M. Apparatus
M. Apparatus
M. Apparatus

